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ABSTRACT
The Standard Model (SM) is the theoretical framework that describes the state of the art
in particle physics. It has been extremely successful at describing the particles and forces
observed in nature. However, the theory is known to be incomplete. Among other things,
it cannot explain dark matter, the dynamics of electroweak symmetry breaking, neutrino
masses, nor how gravity is to be incorporated into its framework.
A popular extension of the SM introduces a new particle similar to a W boson, typically
called a W’ boson. Other classes of theories, such as technicolor, offer alternatives to the
SM’s implementation of electroweak symmetry breaking and predict, among others, a new
particle called ρTC . The new particles introduced by these extensions are expected to decay
into WZ boson pairs. This final state provides a distinctive search signal.
This dissertation describes a search for these exotic new particles decaying via WZ
pairs to a leptonic ( `+`−`′ν`′ , with `, `′ = e,µ) final state. The data was collected with
the Compact Muon Solenoid (CMS) experiment at the Large Hadron Collider at CERN
(European Organization for Nuclear Research). Data from 5 fb−1 of proton-proton collisions
taken at a center of mass energy of 7 TeV in 2011 and 20 fb−1 taken at a center of mass energy
of 8 TeV in 2012 were analyzed. No significant excess over the expected Standard Model
background was observed and 95% confidence level upper exclusion limits were placed on
the production cross section. These were interpreted as mass exclusion limits in the common
v
benchmark of the Sequential Standard Model (SSM) and low-scale technicolor. Assuming
the SSM, W’ masses between 170 and 1450 GeV were excluded. Limits were also set on the
mass of the ρTC under a range of scenarios. These are the strongest limits to date in this
channel.
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Chapter 1
Introduction
The Standard Model (SM) is the theoretical framework that describes the state of the art
in particle physics. It has been extremely successful at describing the particles and forces
observed in nature. However, the theory is known to be incomplete. Among other things,
it cannot explain dark matter, the dynamics of electroweak symmetry breaking, neutrino
masses, nor how gravity is to be incorporated into its framework.
A popular extension of the SM introduces a new particle similar to a W boson, typically
called a W
′
boson. Other classes of theories, such as technicolor, offer alternatives to the
SM’s implementation of electroweak symmetry breaking and predict, among others, a new
particle called ρTC. These models have been studied at previous experiments [2, 3] and more
recently at the Large Hadron Collider (LHC) [4–8]. The new particles introduced by these
extensions are expected to decay into WZ boson pairs.
This dissertation describes a search for these new particles decaying via WZ pairs and
then to a leptonic ( `+`−`′ν`′ , with `, `′ = e,µ) final state. A leptonic final state offers smaller
background than a comparable hadronic search at the cost of lower cross section. This final
state provides a distinctive search signal because of the ability to reconstruct these bosons
in addition to the new particle. This search is complimentary to earlier searches because
those previous searches have assumed that this channel was suppressed. The channel also
is important to models where the new particle couples preferentially to bosons rather than
fermions so the search covers phase space previous results were not sensitive to. The data
1
2was collected with the Compact Muon Solenoid (CMS) experiment at the LHC at CERN
(European Organization for Nuclear Research). The LHC is a proton-proton collider oper-
ating at the highest energy in the world. The CMS detector is a near-hermetically sealed
cylindrical detector based around a 3.8 T superconducting magnet that is critical to mea-
sure the energy of the produced particles. With the new energy regime available at the
LHC, the properties of the SM can be studied for signs of new physics. Additionally, the
cross sections of known SM processes are measured and compared to theoretical predictions
to further constrain the way new physics can enter the SM.
Data from 5 fb−1 of proton-proton collisions taken at a center of mass energy of 7 TeV
in 2011 and 20 fb−1 taken at a center of mass energy of 8 TeV in 2012 were analyzed.
The Sequential Standard Model (SSM) and low-scale technicolor are used as benchmark
models to interpret the results. The SSM has long been a benchmark model for comparing
similar analyses across colliders and experiments. We can reinterpret the result in a model
independent way to make our result as general as possible. Low-scale technicolor describes a
framework where the individual parameters, such as the particle masses and mixing angles,
are not determined. While we choose a default set of parameters for our search to compare
with previous searches, we reinterpret our results in various ways to limit our dependence on
these assumptions. In the absence of a statistically significant excess over the expected SM
background, 95% confidence level (CL) upper exclusion limits are placed on the production
cross section of the W
′
/ ρTC.
Chapter 2
Theoretical Overview
The standard model is the current theoretical framework that describes the state of the art
in particle physics. It is based on quantum field theories and describes three generations
of fermions and two forces which are mediated by gauge bosons. Each of the forces, strong
and electroweak, is due to the gauge bosons of one of the symmetries of the SM, SU(3)
and SU(2)xU(1), respectively. These bosons couple to the conserved currents based on
the symmetry of the group according to Noether’s theorem [9]. Each successive generation
of fermions is a copy of the previous one with identical quantum numbers but increasing
masses. Everyday matter is constructed from the first generation, electrons, up and down
quarks. The up and down quarks are not directly observed but bound in a 2:1 (1:2) com-
bination in protons (neutrons). The second and third generation matter is unstable and
decays. While muons are part of the second generation, their lifetime is long enough that
they are stable on the length scales of our detector. The neutrinos have extremely low cross
sections and pass through undetected. The W and Z bosons, gauge bosons associated with
the weak force, are unstable and must be reconstructed from their decay products.
The gauge bosons of the strong force, arising from the SU(3) group, are called gluons and
interact only with colored particles: quarks and gluons. The strong force is asymptotically
free, getting weaker at larger energy scales. This is a consequence of the “running” coupling
constant that governs the strength of the interaction. The “running” refers to the coupling
constant’s dependence on the momentum transfer at which the interaction occurs, Q2. The
3
4interaction grows weaker at higher energy (small distances), leading to free behavior at high
energy. Conversely, at low energy (large distances), the interaction grows stronger until new
particles can be produced using the stored energy. As a result, individual quarks and gluons
are not directly observed in a process known as color confinement. Instead, we observe the
color singlet bound state baryons and mesons such as protons and pions. Evidence for the
existence of gluons was first seen at DORIS in 1978 [10], and they were first observed at
PETRA and MARK J in 1979 [11–14] with events showing a 3 jet event. The coupling for
the electromagnetic (EM) force, e, shows the opposite behavior: growing stronger at high
energy because of screening effects.
The other gauge bosons, W±, Z and γ carry the electroweak force due to SU(2)xU(1).
These interact with both quarks and leptons according to their charge and hypercharge
as listed in Table 2.1. These particles are visually organized in Fig. 2.1. This model was
proposed by Glashow, Weinberg and Salam (GWS) [15–17] for which they won the 1979
Nobel prize. It describes a SU(2) gauge group which introduces a triplet of vector boson
Wµ and a U(1) group which introduces a single vector boson Bµ. The W0 and B mix as
in Eq. 2.1 and 2.2 to form two mass eigenstates. One of the combinations is massless, Aµ,
which we call the photon while the other is a massive state, Zµ. The photon couples to the
charge defined in Eq. 2.3.
Figure 2.1: Standard model particles grouped by particle type, similar to the periodic table.
5Name spin Color T3 Y Q
u,c,t 12 1 +
1
2
1
3 +
2
3
d,s,b 12 1 −12 13 −13
νe, νµ, ντ
1
2 0 +
1
2 -1 0
e,µ,τ 12 0 −12 -1 -1
γ 1 0 0 0 0
W± 1 0 ±1 0 ±1
Z 1 0 0 0 0
g 1 1,-1 0 0 0
Table 2.1: Charges of SM particles.
Aµ = cos θWBµ +W
3
µ sin θW (2.1)
Zµ = −Bµ sin θW + cos θWW 3µ (2.2)
Q ≡ T3 + 1
2
Y (2.3)
This model relates the charges of the two groups as tan θW =
g′
g which follows from
e = g sin θW = g
′ cos θW . It also predicts the relationship between the masses of the W and
Z as ρ = MWcos θWMZ
∼= 1 which has been successfully validated experimentally. This similarity
in charges between SU(2) and U(1) shows that the disparity between the strength of the
weak and EM forces is primarily due to the difference in masses between the W/Z and the
photon.
The mixing can be parametrized in terms of an angle, θW [18]. This angle can be (and
was) measured in other weak interaction processes [17] which let us predict the mass of the
W and Z bosons before searching experimentally. The predictions agreed very well with the
experimental observations made by UA1 and UA2 in 1983 [19, 20].
62.1 Electroweak Symmetry Breaking
Measuring a non-zero mass for the W and Z bosons, together with the massless photon
meant that the symmetry between the EM and Weak forces was somehow broken. Inserting
a mass term, such as 12M
2
ZZµZ
µ, directly into the Lagrangian for the W and Z would break
the gauge invariance.
Instead, it was shown by Englert, Brout, Higgs, Guralnik, Hagen and Kibble [21–24] that
a spontaneously broken symmetry could produce a mass term in the Lagrangian without
breaking gauge invariance. Weinberg later proposed that a complex scalar doublet [17] could
account for the masses of the W± and Z. The paper also pointed out that this doublet could
provide fermion masses with the same mechanism.
The complex doublet adds to the Lagrangian the terms in Eq. 2.4.
V (φ) =
µ2
2
φ†φ+
λ
4
(
φ†φ
)2
(2.4)
If µ2 < 0 and λ > 0, the potential forms the so-called “punted wine bottle” shape
seen in Fig. 2.2. The breaking of the symmetry comes when the potential is expanded, not
around zero, but around the minimum of the potential at |φ|min = v =
√
−µ2
λ = 2
− 1
4G
− 1
2
F =
246 GeV. This vacuum expectation value, v ∝ MW ∝ G−
1
2
F , indicates the energy
scale where new physics entered. The Fermi constant, GF , was originally an experimental
parameter inserted into the theory of weak interactions but was later found to be a low
energy approximation to 2
√
2g2
M2W
.
The Nambu-Goldstone theorem [25–27] states that any continuous symmetry that is
spontaneously broken will produce massless scalars called Goldstone bosons. Approximate
symmetries that are spontaneously broken will produce light, relative to the relevant scale,
so-called pseudo-Goldstone bosons, such as the pions that are produced in the breaking of
chiral symmetry [28]. The complex doublet introduced four degrees of freedom. Three are
“eaten” by the W± and Z to form their longitudinal components and they acquire mass.
The remaining degree of freedom becomes a massive scalar called a Higgs boson. Its mass
7Figure 2.2: Potential of Higgs doublet with µ2 < 0 and λ > 0.
is determined by µ and λ but only v2, ∝ −µ2, is known from previous experiments. The
mass of the SM Higgs boson is a free parameter in the theory and so it can not be directly
determined without experimental measurements. A scalar boson was discovered at the LHC
in 2012 with a mass of 125.3 GeV [29, 30] and current studies indicate is a Higgs boson.
Whether it is the SM Higgs boson requires further testing of its coupling to other particles.
For example, what was discovered may be one of multiple higgs boson, such as those found
in supersymmetry (SUSY) two doublet models [31]. While the SM Higgs boson is still being
tested, the mechanism for generating mass through spontaneous symmetry breaking is well
established. This mechanism can be utilized in other theories, discussed later, to explain
electroweak symmetry breaking.
2.2 Success of the SM
The SM has been extremely successful at providing a framework for describing the particles
and forces observed in nature. The masses and widths of the W and Z bosons [19, 20, 28, 32],
the mass of the top quark [33, 34], and the Higgs couplings [29, 30] so far observed were agree
with the SM framework predictions. Furthermore, a number of SM parameters severely limit
the ways in which new physics can be introduced. These include flavor changing neutral
currents (FCNC), the cross section of Bs → µµ, triboson couplings and the S parameter, all
of which have been shown to have experimental values close to their SM theoretical values.
Any new physics must introduce negligible corrections to their parameters.
82.3 Motivation of the Search
Despite the success of the SM, there a number of issues that show it is incomplete. The
most glaring missing aspects are an explanation for the origin of dark matter and dark
energy which are the source of the vast majority of the energy in the universe, as well as
the origin of neutrino masses. There are also questions about the hierarchy problem, i.e.
“Why is the electroweak scale nearly 17 order of magnitude smaller than the Planck scale”?
Some models try to answer these questions by introducing new scales like SUSY. Grand
Unified Theories (GUTs) have the added benefit of unifying quantum chromodynamics
(QCD) with the electroweak at high energy where the coupling constant approaches a
single value. An example of this type of model includes SU(5) that was developed by
Georgi and Glashow [35]. Other models introduce new scales where EWSB is accomplished
by a composite particle, e.g. techni-mesons [36, 37].
A search for additional gauge fields is common since adding an additional gauge field is
one of the simplest ways to extend the SM. Various models include this feature including
extra dimensions [38], higgsless models [39] or little higgs [40]. Adding another SU(2) gauge
group introduces a vector triplet of new gauge bosons. Since these act similarly to the SM W
and Z bosons, they are commonly known as W
′
and Z′ bosons. Additionally, some theories
like technicolor, discussed in the next section, offer alternatives to the SM prediction of a
Higgs boson.
2.4 Extensions of the Standard Model
2.4.1 Technicolor
Technicolor is a theory of dynamical breaking of the electroweak symmetry, replacing the
need for the Higgs boson [36, 37]. It was modeled after the strong dynamics of QCD where
the force is asymptotically free. Extended technicolor (ETC) [41] is an expanded framework
needed to produce masses for the SM fermions. An extension to the early forms of techni-
color, walking technicolor [42], slow the rate of change for the running coupling constant so
9that it doesn’t fall off as fast as it does in QCD for a larger energy range. This modification
suppresses FCNC in ETC and can produce realistically large fermion masses, solving an-
other of the SM’s open questions. A range of new bound state resonances are introduced,
much like QCD, that are technicolor-singlets: bound states of technicolor-fermions and
anti-technicolor-fermions. In further analogy with QCD, the piTC are the pseudo-Goldstone
bosons from the breaking of the symmetry. The scale they introduce is set to the weak
scale, i.e. FTC = 246 GeV ND of these new SU(2) doublets are formed. Two of the most
important of these techni-mesons for this analysis are the vector ρTC and pseduoscalar piTC.
They get their names and quantum numbers from their QCD counterparts and are listed
in Table 2.2. The primary new particle that couples to WZ is the ρTC, although the axial-
vectoraTC does contribute as well. To simplify the discussion, ρTC will hereafter refer to
both ρTC and aTC. A Feynman diagram showing the production mechanism for the ρTC is
shown in Fig. 2.3.
ℓ
W
Z
νℓ
ℓ′
ℓ′
q′
q
W∗ ρT
Figure 2.3: Feynman diagram showing ρTC,aTC production mechanism.
One important mass relationship in the technicolor framework is between ρTC and piTC.
The decay of ρTC has two major transition points. The first is the decay ρTC → piTC piTC.
The second threshold arises when the mass of the ρTC is equal to the mass of the W boson
plus the mass of a piTC. As with QCD, the primary decay of the ρTC is to a pair of piTC
mesons [28].
If kinematically allowed, the ρTC will decay into two piTC mesons predominately. This
channel is expected to be closed, i.e. kinematically forbidden, for theoretical reasons. ETC,
described above, raises the mass of the piTC relative to the ρTC. With this channel closed,
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the ρTC will decay preferentially into WpiTC or ZpiTC. We also expect that, with this channel
closed, the ρTC will be a narrow state. Additionally, the ρTC can decay into WZ. The ratio
of these decay channels is controlled by a parameter called sinχ. This is a mixing angle
between the longitudinal modes of the W boson and the flavor states piTC as shown in
Eq. 2.6. As shown in Eq. 2.5, sinχ is expected to be small and its value is taken to be
∼ 1/3 by default [43]. Thus, the WZ decay mode is suppressed in the cross section by an
order of magnitude relative to the decay modes with a piTC. Still, since this value of sinχ
is only a motivated guess, it is important that any searches in technicolor include the limit
on the value of sinχ so that modifications may be made. Lowering sinχ will reduce the
expected cross section of WZ and therefore weaken the limits set.
sin2 χ ' 1
ND
 1 (2.5)
| piT1〉 = sinχ |WL〉+ cosχ | piT 〉 (2.6)
M(ρTC) = M(piTC) +M(W ) (DØ) (2.7)
M(ρTC) =
3
4
M(piTC)− 25 GeV (Les Houches) (2.8)
Two mass relationships have been suggested, the first has been used by the DØ exper-
iment, see Eq. 2.7 [3]. This relationship closes the decay mode with a piTC and increases
the WZ branching fraction (BR) to unity. This is an optimistic relationship as it would
improve the limits set in a search but it is not theoretically well motivated. The other
relationship came out of the Les Houches meetings, see Eq. 2.8 [44, 45]. This relationship is
less optimistic, providing looser limits. It too was not theoretically motivated, but covered
a larger phase space of ρTC and piTC masses. The first relationship makes for easier discov-
ery of technicolor at nearly all ρTC masses. We use the second relationship because it is
more conservative and covers both scenarios. To cover a wide range of scenarios, we present
our limits on the ρTC mass as a function of the piTC mass. This increases the flexibility
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of the analysis for later reinterpretation. This ability was important when a technicolor
interpretation of the CDF anomaly was proposed [43].
Tests of the SM have set strict bounds on the types of new physics that can be proposed.
As mentioned before, the original technicolor framework suffered from predicting excess
FCNC, a problem solved in walking technicolor. One important restriction is on the S
parameter which accounts for the number of isodoublets that exist in a QCD-like theory.
This criticism of the model depends on the assumption that technicolor’s coupling runs like
in QCD, a feature that is not true in walking TC. If introducing new TC isodoublets did have
a measurable impact on the S parameter, there are ways of mitigating their effects [46].
One way of lessening the impact of the new isodoublets is to make the aTC and ρTC,
among others, nearly degenerate in mass. This near-degeneracy can be seen in Fig. 2.4. It
introduces cancellations reduce technicolor’s impact on the S parameter. One consequence
of the near-degeneracy is that once reconstruction is performed, the two mass states become
indistinguishable. Still, this theory faces the challenge of explaining the recent Higgs boson
discovery and its measured couplings without resorting to a fundamental scalar boson.
Particle IG JPC
piTC 1
− 0−+
ρTC 1
+ 1−−
aTC 1
− 1++
ωTC 0
− 1−−
Table 2.2: Quantum numbers of technimesons.
2.4.2 Sequential Standard Model
One of the simplest extensions to the SM is to add another gauge group to the Electroweak
group SU(2)xU(1). The addition of an SU(2) gauge interaction introduces a new charged
boson, W
′
and a new neutral boson, Z’. A Feynman diagram showing the production
mechanism for the W
′
is shown in Fig. 2.5.
The usual benchmark model for W
′
searches is the Sequential Standard Model (SSM).
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Figure 2.5: Feynman diagram showing W
′
production mechanism.
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This model was introduced, along with another simple extension in [1]. The simple extension
model contains W
′
couplings identical to the SM W boson couplings. Such a model has
several issues, both theoretical and practical.
First, we would expect the W
′
current to mix with the SM W boson current. This would
modify the SM W interactions and would be very difficult to fit into existing constraints.
The other consequence of this model is that the BR to WZ grows quickly with W
′
mass,
growing close to unity for W
′
masses greater than ∼500 GeV. This is because the amplitude
for W
′ →WZ grows as M2W ′ . Thus the width, carrying two powers of the coupling and one
power of the mass for phase space, grows as the fifth power of the W
′
mass. This can be
seen in Fig. 2.6
Figure 2.6: Plot showing branching fractions of W
′
to WZ without (left) and with (right)
modified W
′
WZ couplings [1].
A more believable model involves the introduction of a new parameter that modifies
the coupling. This new parameter is similar to what one would expect from a new charged
current mixing with the W charged current. The modification goes as
(
MW
M
′
W
)2
thus reducing
the width to grow linearly with W
′
mass instead of as the fifth power.
With this modification, the most sensitive channels to search for a W
′
are the leptonic
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modes (W
′ → eν, µν). Decays to τ leptons are not included here since they are not stable
on the timescale of the detector and consequently, their decays are more complicated to
reconstruct. The remaining leptonic decays are straightforward to reconstruct since there
is only expected to be a lepton (e, µ) with large transverse momentum, pT, and a large
amount of missing transverse energy (from the escaping neutrino), 6ET. Furthermore, for
heavy W
′
particles, these two objects are expected to be back to back, i.e. ∆φ ∼ pi where
∆φ is the azimuthal angular separation. This channel offers the most sensitivity because
the background is very small in the final transverse mass plot above the nominal W mass,
the final state is relatively free from background and there is a larger BR to `ν than to 3`ν.
Searching for WZ decays of W
′
is still important for a number of reasons. This search
can find signs of anomalous triple gauge couplings and search for W
′
bosons that couple
only or primarily to bosons [47]. Previous leptonic searches assumed that W
′
WZ couplings
were suppressed so this search mode is a good cross check of those searches.
2.5 Previous Results
The strongest limits on the mass of a W
′
come from the eν and µν channels (2.9 TeV),
due to their large BR [48, 49]. These searches, however, assume that the WZ channel is
suppressed and so searches in the WZ channel is complimentary to prior searches. Other
channels with larger BR than the WZ channel also provide tighter limits. These include
the tb [50, 51], `νjj [2, 52, 53], ``jj [5, 54, 55] and jj [56, 57] channels.
Prior to the LHC turning on, the best results for the WZ→3`ν channel were from DØ
at the Tevatron [3]. They excluded W’ with masses between 188 and 520 GeV. They also
excluded a ρTC with masses between 208 and 408 GeV in the scenario where M(ρTC) is
related to M(piTC) by the relationship given in Eq. 2.7.
ATLAS also provided limits on the 2011 dataset where they excluded W
′
bosons with
masses below 760 GeV [7]. They also excluded a ρTC with masses below 483 GeV in the
scenario where M(ρTC) is related to M(piTC) by the relationship in Eq. 2.7. They updated
these results on part of the 2012 dataset [58]. They excluded W’ with masses below 1180
15
GeV. They also excluded a ρTC with masses below 920 GeV in the scenario where M(ρTC)
is related to M(piTC) by the relationship in Eq. 2.7.
CMS published results on the 2011 dataset which excluded W
′
masses below 1143
GeV [4]. The results were reinterpreted and excluded a ρTC with masses between 167
and 687 GeV in the scenario where M(ρTC) is related to M(piTC) by the relationship in
Eq. 2.8. Additionally, CMS excluded a ρTC with masses between 180 and 938 GeV in the
scenario where M(ρTC) is related to M(piTC) by the relationship in Eq. 2.7. This analysis
was then updated for 2012 [6] and the results are detailed in this thesis. These results are
tabulated by search channel and experiment in Tab. 2.3.
Experiment W
′
3`ν TC Eq. 2.8 TC Eq. 2.7
DØ 188 - 520 208 - 408
ATLAS 1180 - 920
CMS 1143 167 - 687 180 - 938
Table 2.3: Comparison of previous W
′
limits in WZ→ 3`ν final state.
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2.6 Properties of the WZ Resonance
2.6.1 WZ Decays
W
′
/ ρTC →WZ can be an important search channel. In the SSM, the strictest limits on W ′
come from W
′
decay to the leptonic channel (eν,µν) [49, 59]. These channels benefit from
increased sensitivity due to larger σ×BR. These searches assume the WZ decay channel is
suppressed. A search in the WZ channel is, therefore, complimentary to leptonic searches.
A WZ search allows us to probe bosonic decays of new physics which is important because
there is no guarantee that the new physics will couple strongly or at all to known fermions.
New physics models may only have suppressed couplings to these fermions so it is critical
to carry out this independent search.
2.6.2 Leptonic Decays
W and Z bosons decays can be divided into leptonic and hadronic decays as indicated in
Tab. 2.4. Leptonic decays (electrons and muons) have a number of advantages over hadronic
decays. They are cleaner than the hadronic channels, meaning that the background in these
channels is far lower than in the hadronic channels. On the other hand, leptonic channels
suffer from much smaller branching fractions than the hadronic channels, so far fewer events
occur in these channels. For instance a search in the channel WZ→jj`` must search for a
small signal on top of the large Z + jets background. Such a search was done [5], but the
analysis was slower as the background characteristics required additional studies on early
LHC data.
2.6.3 Signal
Signal events for this all leptonic channel are expected to differ from background events in
several ways, each of which can be exploited to suppress it in our final results. The first
difference that can be used is that the W and Z boson (and their daughter leptons) are
expected to be lower pT than a W/Z coming from a new WZ resonance. This is because the
center of mass energy of the quark-antiquark system producing a W
′
/ ρTC will be higher
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W inclusive eν µν τν hadronic
Z inclusive 100% 10.75% 10.57% 11.25% 67.60%
ee 3.36% 0.36% 0.36% 0.38% 2.27%
µµ 3.37% 0.36% 0.36% 0.38% 2.28%
ττ 3.37% 0.36% 0.36% 0.38% 2.28%
invisible 20.00% 2.15% 2.11% 2.25% 13.52%
hadronic 69.90% 7.51% 7.39% 7.86% 47.25%
Table 2.4: Probability for WZ to decay into various final states.
than what is most likely produced for SM WZ. By extension, the new resonance is expected
to produce a new peak in the invariant WZ mass distribution.
Different models for new physics predict different intrinsic widths for the new resonance.
This width is smeared by the reconstruction process due to imperfect measurement of the
particles position and momenta. While this means that we are not able to reconstruct the
true mass of the resonance, it also implies that small differences between the intrinsic widths
of different models are negligible. This can be seen in Fig. 2.4 which shows the generator
level widths of various signal particles.
2.6.4 Backgrounds
The SM WZ process is a major background since it produces the same final state as our
signal, three leptons with a genuine Z boson constructed from two of them and true 6ET.
This is the primary irreducible background for this search. Feynman diagrams of the s, t
and u production channels are shown in Fig. 2.7.
Before searches for new physics can be performed, the SM processes that are the back-
ground to the search must be understood and measured. This is especially true as the
search is performed at machine operating for the first time and at the highest center-of-
mass energies produced. For each of the background processes, a measurement of the cross
section is performed in the relevant channel and compared with theoretical predictions.
These measurements are complimentary to searches for new physics as they would hope-
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Figure 2.7: Feynman diagrams showing SM WZ production mechanisms.
fully give the first sign of new physics by an abundance of events, leading to a larger than
expected cross section. SM WZ has been measured at both 7 and 8 TeV using the full
dataset [58, 60, 61]. Measurements in this channel agree well between CMS and ATLAS, as
well as with theoretical predictions. In addition to the cross section measurement, shown
in Fig. 2.8, measurements on the W charge asymmetry were performed, shown in Fig. 2.9.
The excellent agreement in these results give us confidence in WZ MC.
The normalization of the cross section is important to searches looking for excess that
could disappear if the wrong cross section is used. Also important is the shape of the
background distribution, which must be studied to ensure that the events simulated replicate
what is observed in data. For example, we expect higher pT leptons coming from new
physics sources than SM WZ. So if the pT spectrum is mismodeled, even if the cross section
is correct, the background expectations will be difficult to use. A wide range of kinematic
distributions were studied as part of the cross section measurement to ensure that the
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Figure 2.8: Ratio of WZ cross section measurement to NLO theoretical measurement at
√
s = 7 and 8 TeV. Measurements for each of the 4 channels are also provided.
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Figure 2.9: WZ charge asymmetry measurement at
√
s = 7 and 8 TeV along with theoretical
predictions.
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background is correctly modeled.
Similar searches have been completed at CMS for a wide range of processes. CMS has
seen good agreement between theory and experiment over a wide range of processes and
cross sections as seen in Fig. 2.10. This ensures that all of our background expectations are
reliable for this search.
Figure 2.10: Comparison of theoretical and measured cross sections for various SM pro-
cesses.
The second source of background that has the same final state we’re looking for is ZZ.
This occurs when both Zs decay leptonically but one of the four leptons is not in our final
selection. This can happen for several reasons including the lepton being produced outside
of the detector’s acceptance or not being reconstructed due to reconstruction inefficiencies.
Another possibility is that the lepton does not pass our selection criteria. No true 6ET occurs
in these events but it is a consequence of the missing lepton and detector resolution.
Another source of background is Zγ. This background contains a real Z and its third
lepton comes from the conversion of the photon into two leptons, one of which is not in our
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final selection. No true 6ET occurs in these events either.
Z + jets is a complicated background. It contains a real Z, but no third lepton. A third
“lepton” comes from a jet faking a lepton, usually an electron. The challenge with this
background is that the cross section is so much larger than for the previous backgrounds
and the background is not well modeled in Monte Carlo (MC) simulations. No true 6ET
occurs in these events.
tt is another complicated background. Like Z + jets it has a large cross section and
contains two real leptons coming from the leptonic decay of the W bosons. Nearly all top
quarks decay via a W boson and bottom quark. A third lepton can be identified from
misidentifying a jet as a lepton or from a soft lepton decay from the bottom quark.
Chapter 3
Detector
3.1 Large Hadron Collider
The world’s largest and highest energy collider is located outside Geneva, Switzerland at
the European Center for Nuclear Research (CERN). It is housed in a tunnel 27 km in
circumference and buried approximately 100 m below ground. It collides protons at the
highest energies in history, first at a center of mass energy of 7 TeV in 2010 and 2011 and
finally at 8 TeV in 2012.
It utilizes the same tunnel that was used for the Large Electron Positron (LEP) colllider.
This choice was made to save money on construction costs. LEP, as its name implies, was
an electron positron collider. It was designed to perform high precision measurements of Z
boson. It was extremely successful in these efforts, measuring its properties and constraining
the phase space for new physics. It was also involved with the search for the Higgs boson,
adjusting its center of mass energy to search for signs of the particle.
These efforts ran into operating challenges as the beam energy increased. Synchrotron
radiation causes problems of using an electron beam at high energy. Ring accelerators need
to constantly accelerate their beams in order to keep them in the tunnel. High energy
charged particles radiate energy proportional to the fourth power of its momentum. Thus
it becomes impractical to continue increasing the energy of the beam. Since protons are
approximately 2000 times more massive, for the same energy beam, radiation losses are
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much smaller for a beam of protons.
The LHC is a proton proton collider, unlike the Tevatron which was pp. The advantage
of using pp is using a single magnet to accelerate both beams because they are oppositely
charged. This saved money and reduced production complications during the early devel-
opment of the superconducting magnets that are needed by high energy hadron colliders.
Using two beams of protons means that two sets of magnets are needed to accelerate
the beams. The advantage is that, since they are stable, large number of protons can be
accumulated for the beams. Anti-protons are difficult to store since they will interact with
and annihilate normal matter. The larger number of protons per beam provides a large
advantage in searching for rare processes.
3.1.1 Luminosity
When searching for rare processes, the two most important factors are the cross section of
the process and the luminosity, as shown in Eq. 3.1. For a given center of mass energy,
the cross section is fixed. The luminosity can be changed independent of the energy, thus
increasing the luminosity will increase the number of particles produced. The luminosity
can be increased by either, as shown in Eq. 3.2, increasing the colliding time or increasing
the instantaneous luminosity, L.
The instantaneous luminosity can be described by the formula in Eq. 3.3. It depends on
a number of factors including the number of bunches present in the ring, Nb, the revolution
frequency, f, the number of protons per bunch, Nb, and the beam width, σx, σy. It is
sometimes easier to rewrite in terms of the emittance,  and β∗, the distance the beam
travels before its transverse size doubles (defined in Eq. 3.4). The rewritten instantaneous
luminosity is written in Eq. 3.5.
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NEvts = Lσ (3.1)
L =
∫
Ldt (3.2)
L = NbfN
2
p
4piσxσy
(3.3)
β∗ =
piσxσy

(3.4)
L = NbfN
2
p
4β∗
(3.5)
Over time as the machine was more understood, the parameters of the machine were
pushed further and further. The machine frequency is fixed but improved control over the
beam dynamics led to smaller emittance and allowed for smaller β∗ to be used. Additionally,
more protons were added to each bunch and more bunches were added. This evolution
allowed for higher and higher peak instantaneous luminosity to be achieved. Fig. 3.1 shows
the peak luminosity achieved throughout 2012. This same behavior was seen since the
machine was turned on, as demonstrated in Fig. 3.2, which shows the total luminosity
recorded for each of the three years the LHC has been running. The peak luminosity can
be used to calculate the peak number of simultaneous pp collisions using the pp minimum
bias cross section, as was done in Fig. 3.3.
3.1.2 Center of Mass Energy:
√
s
As discussed before, the number of events produced depends on the cross section of the
process in question. For new high mass particles, the simplest way to increase the cross
section is to increase the COM energy. Since the production cross section peaks when
√
s
is near the mass of a new particle.
Protons are composite particles and as a result the momentum of the proton is not
the energy of the parton that is involved in the collision. The momentum of the proton
is the vector sum of the constitute partons: valance quarks, sea quarks and gluons. The
momentum of the proton is distributed among the partons according to probability functions
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Figure 3.1: Peak instantaneous luminosity as a function of time over the course of three
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Figure 3.3: Peak pile-up as a function of time for the three years of data taking.
called parton density functions (PDFs). The momentum fraction for each type of parton
is evaluated and shown in Fig. 3.4. These are extrapolated from data recorded at other
experiments for initial running and later measured from LHC data experimentally.
Figure 3.4: CTEQ6 PDF for partons in a proton.
Thus, beam energy increases aren’t fully translated to the COM energy. This differs
from ee collisions, since electrons are non-composite. Instead of producing collisions at
a single energy, hadron colliders produce collisions at a range of COM energies, with the
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theoretical maximum COM energy equal to the proton-proton COM energy [62].
The design COM energy of the LHC was 14 TeV [63]. In September of 2008 [64], above
specifications resistances in the magnet interconnect caused the magnet to quench when
high current was introduced. The energy in the magnet was not able to be released quickly
enough to safely dissipate, causing an explosion.
As a result of the damage and the desire to not repeat the same accident, the magnet
current was limited. This limited the strength of the magnet and thus the beam energy
to 3.5 TeV (and thus a center of mass energy of 7 TeV). This beam energy was used for
the 2010 and 2011 run. Based on further tests and experience running the machine during
those two years, the machine group determined it was safe to try for a beam energy of 4
TeV (corresponding to a center of mass energy of 8 TeV) for the 2012 run.
3.2 CMS Detector
The CMS detector is a near-hermetically sealed cylindrically layered machine. Each sub-
detector contributes information to the reconstruction of the particles that pass through
it.
The CMS detector consists of 4 major components: the tracker, calorimeter, muon
system and magnet. The tracker marks the passage of charged particles through multiple
layers. Transverse momentum can be extracted by knowing the strength of the magnet and
measuring the curvature of the particles’ path. The calorimeter is divided into two portions:
the electromagnetic (ECAL) and hadronic portions (HCAL). Electrons and photons deposit
most of their energy in the ECAL, while hadrons deposit most of theirs in the HCAL. Muons
deposit very little energy in either of these systems and can be detected by depositing energy
in muon system which lies at the outside of the detector. Neutrinos interact very weakly
with all components of the detector and escape. These layers can be seen in Fig. 3.5.
The detector is 21.6 m long with a 14.6 m diameter, weighting nearly 12500 tons. It is
structured as a barrel cylinder sealed with endcap plugs to provide near-hermetic coverage.
An exploded image of the detector is shown in Fig. 3.6.
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CMS utilizes a right handed coordinate system with the origin lying in the center of the
detector. In Cartesian coordinates, the x-y plane lies perpendicular to the beam direction,
with the x-axis pointing towards the center of the LHC ring and the y-axis pointing up.
Based on the layout of the CMS detector, it is useful to define another coordinate system.
The azimuthal angle, φ, is defined in Eq. 3.6. The polar angle, θ, is defined in Eq. 3.7 with
respect to the positive z direction.
The polar angle is not very useful at the energies seen at the LHC. It is common to
study particles produced at the LHC in their rest frames. These are achieved by performing
a Lorentz boost along the beam direction. Such a boost alters the angular separation, ∆θ,
of two particles which makes such studies more difficult. A more convenient and useful
variable is the hyperbolic angle called rapidity, y, defined in Eq. 3.8. In the high energy
limit, where the mass of the particles can be neglected, we can use the pseudorapidity, η,
and is defined in Eq. 3.9. It is useful because it preserves ∆η under Lorentz boosts along
the beamline. It is related to θ by Eq. 3.10.
φ = arctan
(y
x
)
(3.6)
θ = arctan
(√
x2 + y2
z
)
(3.7)
y =
1
2
ln
(
E + pz
E − pz
)
(3.8)
η =
1
2
ln
(
p+ pz
p− pz
)
(3.9)
η = − ln
(
tan
θ
2
)
(3.10)
3.2.1 Tracker
The first layer of the CMS detector is the all silicon tracking system. The tracking system
records the passage of charged particles beginning 4.4 cm from the beam. Being close to
the interaction point allows for detection of displaced vertices from e.g. heavy quark decays
or cosmic ray muons. The presence of the magnetic field curves the path of these charged
29
Figure 3.5: Cross sectional slice of CMS detector.
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Figure 3.6: Exploded view of CMS detector.
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particles, allowing for a the track to give a measurement of the particle’s momentum.
The tracks are constructed from the individual hits detected in each layer of the tracker.
While an all silicon tracker increases the cost of the detector, the advantage is that even at
high luminosity expected at the LHC, the occupancy per channel will be low enough to offer
clear reconstruction of particles’ tracks. The tracker has ∼75 million individual channels
(mostly from the pixel), which even at high luminosity running means that the average
occupancy of the tracker is only a few percent. This allows for easier disambiguation when
constructing tracks.
The tracker is made of up to 11 layers of silicon and extends to |η| < 2.5. The first 3 (2)
layers in the barrel (endcap) are constructed of silicon pixels with a pixel size of 100x150
µm2. The small pixel size yields resolutions of 10 µm in the r−φ coordinate and 20 µm in
the z coordinate.
Further from the beam, silicon microstrips are used. These are long, narrow silicon
detectors that sacrifice some resolution in one direction for cost savings over pixels. There
are 10 (11) layers of strips in the barrel (endcap). Some of these layers include stereo
modules which allows for the r − φ and z coordinates to be simultaneously measured. The
stereo angle is 100 µm with a strip pitch of 81 µm in the inner barrel to 183 µm in the
endcap. The strips yields resolutions of ∼30 (40) µm in the r−φ coordinate and 230 (530)
µm in the z coordinate for the barrel (endcap). The layout of the full tracking system is
shown in Fig. 3.7.
Figure 3.7: Image showing the tracking system configuration.
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3.2.2 ECAL
Immediately after the tracking system is the calorimeter. As its name implies, it is intended
to measure the energy of particles passing through. This is composed of two specialized
sections. The inner portion is called the Electromagnetic calorimeter (ECAL). This section
is meant to measure the particles that interact via the electromagnetic field with scintillating
crystals. As particles pass through the material, photons are emitted, which can be detected
and amplified to get a measurement of the particles energy. In particular, the ECAL is
critical for the detection of electrons, and pi0. The detector material has a number of
constraints which guides our choice. First, the calorimeter must fit inside of the magnet.
Secondly, the material used should be able to provide multiple interaction lengths within
this volume so that the energy can be measured well. Finally, the material must be able
to discharge the energy in a short period of time in order to reduce effects of out of time
collisions. In order to do this, lead tungstate (PbWO4) was selected.
Lead tungstate crystals have short radiation length (0.89 cm, corresponding to ∼25
radiation lengths) and transmit 80% of their energy before the next collision takes place so
they are an ideal choice for this difficult environment. The material is built in a collection of
∼75k crystals. The number of radiation lengths of material per system, as a function of η,
is shown in Fig. 3.8. Like the tracker, the ECAL is divided into barrel and endcap sections.
The barrel section extends to |η| <1.479, while the endcap extends to 3.0. Each crystal is
22x22 (28.6x28.6) mm2 in the barrel (endcap) on the front face and tapering out. Particles
are expected to release energy in more than one crystal, so energy from adjacent crystals
are combined in the reconstruction to improve the measurement. The measurement of the
energy in the ECAL is driven by 3 factors: a stochastic term, S, a noise term, N, and a
constant, C, as indicated in Eq. 3.11 along with their values.
( σ
E
)2
=
(
S√
E
)2
+
(
N
E
)2
+ C2 (3.11)
One interesting property of the crystals is that they are sensitive to radiation damage.
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Figure 3.8: Number of interaction lengths of material in detector as a function of η.
As the crystal is exposed to radiation, it becomes more opaque. This reduces the number
of photons that can be detected by the photodetectors behind the crystal. This reduces the
energy measurement of the particles and introduces a bias. This can be compensated for
by periodically measuring the transparency of the crystals and correcting the conversion
factor of photons/MeV. The longer the machine runs and the more radiation it is exposed
to, the less transparent the crystals become. The trade-off is that the transparency level
becomes more stable once the crystal is irradiated. After a stoppage in running, usually due
to machine maintenance, the transparency recovers. The first period of running after the
stop suffers from rapidity changing transparency. The layout of the full calorimeter system
in relation to the rest of the detector is shown in Fig. 3.9.
3.2.3 HCAL
The hadronic calorimeter (HCAL) of lies just outside the ECAL. It is designed to measure
the energy and stop the remaining non-muons. Most of these particles are hadrons, those
that interact via the strong force. Dense materials are needed to interact with these particles
in order to keep the bulk of the HCAL within the volume of the magnet. The material also
needs to be non-magnetic since it lies within the solenoid and brass was selected to meet
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Figure 3.9: Image of the calorimeter system configuration.
these criteria. When hadrons interact with this material, a spray of photons are produced
proportional to the energy of the particles. By placing layers of a plastic scintillator around
the brass absorber, the amount of light produced can be measured.
Like the ECAL, the HCAL is divided into a barrel and endcap section. The barrel covers
the region |η| <1.4 and is instrumented to provide a granularity of ∆ηx∆φ = 0.087 x 0.087.
The endcap extends the coverage to |η| <3.0 like the ECAL.
Additionally, the HCAL has two sections the ECAL doesn’t: Hadron Outer Calorimeter
(HO) and Hadron Forward Calorimeter (HF). HO is placed outside the magnet where space
is less of a constraint. The additional scintillators, matched to the alignment of the HB,
are able to improve the resolution of the HCAL. It covers a region |η| <1.2 so it covers the
region with the smallest amount of material from the interaction point.
The HF extends coverage to |η| <5.0. There is no tracking or ECAL in front of the
HF, but it is important to measure as much of the solid angle as possible to improve the
6ET resolution. Instead of brass, the HF is constructed from steel plates as the absorber
and quartz fibers. The quartz serves two purposes: it provides a medium to produce
Cerenkov light from the particle spray and the fibers are used to transmit the light out to
photodetectors to determine the particle energy.
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For this analysis, the HCAL serves two main roles. First, since the HCAL is responsible
for measuring the energy of hadronic particles, it is critical for distinguishing between
electrons and jets. Secondly, in order to determine the energy carried away by the neutrino
the energy of the rest of the visible particles must be accurately known. The measurement
of the 6ET is dependent not only on the resolution of a particles energy but also on the
number of particles. As the luminosity increases, the number of particle (mostly hadronic)
in the detector increases. The average 6ET from resolution effects is expected to grow as
∼1.25√∑ET , where ∑ET is the scalar sum of all particle energy in the detector.
3.2.4 Magnet
The CMS magnet is one of the major features of the detector. It measures 13m long with a
5.9 m inner bore. The decision to use a high field large bore magnet drove the parameters for
the other components. In particular, the amount of financial resources committed and the
size constraints imposed by the magnet limit the options available for the inner components.
The magnet is such an important component because the it controls the measurement of the
momentum. As shown in Eq. 3.12, the pT can be determined by measuring the curvature
of particles, R, and the electrical charge, q.
pT = qBR (3.12)
CMS has a superconducting magnet with a strength of 3.8 T. In order to produce the
3.8 T field, 19.5 kA and 2.7 GJ of stored energy are needed. The magnet is constructed of
superconducting niobium-titanium wire wound 2168 times around its cylindrical frame [65].
The large 5.9 m inner bore size allows for the ECAL and HCAL to be placed inside the
magnet. Putting the calorimeters inside the magnet has extra benefit of seeing curvature
in detector volume.
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3.2.5 Muon System
The final layer of CMS, outside of the magnet, is the muon system. It is placed on the
outside of all systems because muons lose very little energy passing through rest of the
detector, i.e. they are near their minimizing ionizing energy.
It is interspaced with magnet return yoke. This offers two benefits. Firstly, the place-
ment of the dense iron offers more insurance that the only particles reaching the muon
system are in fact muons. Secondly, the iron increases the magnetic field flux within the
detector volume and allows for another measurement of the muons curvature to complement
the one taken within the solenoid. The magnetic field within the return yoke is 2 T.
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Figure 3.10: Image of muon system configuration.
The muon system of CMS is made of three different type of detectors [66]. These include
the drift tubes (DTs), cathode strip chambers (CSCs) and resistive plate chambers (RPCs).
Their configuration is pictured in Fig. 3.10. The muon system provides coverage of |η| <2.4.
The barrel of the muon system (up to |η| <1.2) is instrumented with DTs. This is
divided into four cylindrically concentric layers of DTs. Each chamber is composed of three
superlayers. These superlayers are, in turn, built from four layers of drift cells. These drift
cells offer a resolution of 250 µm. They are used in the barrel because they are large and
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eta changes are small the central region, but they offer good spatial resolution. Also, the
magnetic field is uniform in the barrel, which is needed for the drifting electrons.
The DTs are filled with Ar/CO2 gas. It was chosen because it is accurate for low-
occupancy, uniform magnetic field region. When a charged particle, like a muon, passes
through this gas, the gas along the particles path is ionized. The produced electrons are then
attracted by high voltage wire within the tube. The position of the particle is determined
by the product of the electron drift velocity and the time taken for the electron to drift.
This allows for a r − φ as well as a z coordinate to be determined for each chamber. A
measurement in each layer, provides a good measurement of central muons.
Beyond |η| =0.9, CSCs provide coverage. They are placed up to |η| =2.4. These are
better for the endcap where the magnetic field is less uniform and η slices are smaller. These
are multiwire, proportional chambers. Each device is constructed of 6 layers to provide a
solid measurement of the position of each hit.
Similar to DTs, CSCs are filled with Ar/CO2/CF4 gas. Muons ionize this gas as with
DTs, freeing electrons along its path. Instead of a single positively high voltage (HV) wire
like in the DTs, CSCs contain a grid series of HV wires complemented with negatively
charged strips. These strips are made of copper and placed orthogonal to the direction of
the wires. As the electrons drift towards the wires, the ions move towards the strips. A two
dimensional reconstruction of the muons position can be made with careful knowledge of
the arrangement of these wires and strips. CSCs can handle the fringe magnetic field better
since the gap between the wires and strips is small, typically ∼ 3 mm. This also gives CSCs
very good temporal resolution on the muon hits.
Interspersed with the DTs and CSCs up to |η| =1.6 are RPCs. These detectors are
constructed out of two thin plastic sheets arranged in parallel. The space between the
plates are filled with C2H2F4/iso-C2H10 gas. As with DTs and CSCs, this gas is ionized
along the muon’s path. The resulting electrons drift towards the metal strips on the back
of the plastic.
The thin gap between plates allows for excellent temporal resolution. It is so good that
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RPCs are able to distinguish between successive bunch crossings which allows for excellent
out-of-time background rejection. They are placed in front of the DTs and CSCs.
3.2.6 Trigger
The LHC’s design specifications call for collisions at CMS to occur at a rate of 40 MHz. It
would be unfeasible to record this amount of data for later analysis. Additionally, most of
these collisions are uninteresting from an analysis point of view. Most of the collisions result
in a dijet final state. More interesting final states, such as electroweak boson production,
occur less frequently, as shown in Fig.3.11. Therefore, a system to preferentially select
“interesting” events over the more common background is needed. Such a system is called
a trigger. The number of events termed interesting and that resources allow to be recorded
is O(100 Hz). This and the size of detector read out buffers set the maximum event selection
decision time at 3.2 µs.
Level 1
The first step of the trigger system is aptly named “level-1” (L1). L1 is responsible for
reducing the event rate from 40 MHz to a maximum of 100 kHz. It is allowed less than 1 µs
of the total 3.2 µs to select events for further selection. In order to accomplish processing at
this rate, dedicated, custom electronics are needed. These electronics don’t have access to
the full resolution of the detector. Instead, the resolution is artificially limited in order to
improve processing time. Most importantly, tracking information is not available to L1 due
to the amount of time needed to analyze it. L1 is limited to coarse grained reconstruction
of the ECAL, HCAL and hits in the muon system.
HLT
After the L1 decision has been made, the High-Level Trigger (HLT) begins processing the
event. The HLT is implemented in a completely software based system. Using software
allows for a flexibility that is impossible with the hardware based L1.
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Figure 3.11: Luminosity of common processes and expected rates at 1034cm−2s−1.
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HLT is run on a collection of off-the-shelf hardware. This enables easy scaling of the
system and reduces development costs. Scalability means that each year, as finances allow,
additional machines can be added to increase the system’s capabilities. By the end of 2012,
the HLT farm was composed of approximately 1250 machines, each with multiple cores
available for parallel processing.
One of the biggest differences between L1 and HLT is that HLT has access to tracking
information. This allows for better and more complete reconstruction. We can combine a
track produced in the tracking system with a cluster of energy in the ECAL to produce an
HLT electron.
A significant advantage to an all-software trigger is that it runs the same or similar code
for the HLT as what is used later in an analysis. The offline analysis is done slower and
more carefully, while the trigger must select events in a limited time. A software trigger is
designed to minimize the differences between the online and offline analyses. This minimizes
the so-called “turn-on” curve of the trigger. One of the hardest parts of running the trigger is
performing the isolation calculation. As is discussed later, this variable is highly luminosity
dependent and computing intensive which also makes it the hardest variable to calculate
quickly.
A boolean “OR” of all the triggers is used to make the decision about whether or not to
record the event. The average output rate of the HLT is 300 Hz although this can change
with luminosity and beam conditions.
As the run progresses, luminosity falls off as can be seen in Fig. 3.12. This is due to the
natural beam losses (the beams can’t circulate indefinitely) and collisions between the two
beam. Luminosity falls due to loss of beam coherence and loss of protons due to collisions.
The flexibility of the software allows for easier and faster response to these changing
conditions. These allow for multiple sets of prescale values to be set in the software and
changed during a fill in order to change the composition and amount of the recorded data.
For example, at the beginning of the fill, luminosity is higher. This higher luminosity
can overwhelm the trigger/read-out system. Use of prescale columns allows for the first
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few minutes to be taken with tighter trigger thresholds. Once the luminosity has dropped
sufficiently, the thresholds can be relaxed, allowing for data to be taken near the capabilities
of the system.
Figure 3.12: Instantaneous luminosity as a function of time within a single fill.
Not all data recorded is intended for physics analysis. Some is intended for calibra-
tion, alignment or debugging purposes. These different purposes have different data needs,
including different event rates and event content.
The remainder of the time available to make an accept decision is used by HLT. One
benefit of the HLT is that each event can be processed in parallel, simultaneously. Thus, the
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more HLT machines that are available to process events, the more events can be processed.
This means that the average time to process events is more important than the time to
process any particular event. As the number of machines increases, the average processing
time can increase without causing problems.
Adding more machines is important as the luminosity is increased. As the luminosity
rises, the occupancy increases. Reconstruction of more complex events raises the average
processing time. The average allowed time is currently ∼160 ms which should be sufficient
up to luminosity of ∼ 1034cm−2s−1. Since the time dependence is super-linear, advances
in algorithms are periodically needed to continue operations. With this many simultaneous
operations ongoing, memory management and error checking are critical.
Since the trigger is a time-sensitive system, trade-offs must be made between accuracy
and speed. Most of time, the proxy variable offers sufficient accuracy to make a decision.
Analyzers try to select a trigger threshold slightly looser than what is needed for their
analysis so that the events are reasonably efficient with respect to their offline selection.
The sum of all the triggers is an important aspect of the menu. Watching and comparing
to predictions helps prevent and fix problems quickly. The evolution of the trigger menu
rate is shown in Fig. 3.13. The physics content of the menus is listed as “Stream A”. This
is what the 300 Hz average rate refers to. The rate for calibration and alignment purposes
is clearly much higher because the event content can be reduced.
The average rate is important because that is the amount of data that can be processed
by the T0 facility, based on the average running efficiency and processing time. Since there
was no beam expected for approximately two years following the end of Run I, the T0
facility would be underutilized. Thus the amount of data recorded can be higher than
300 Hz. This “Delayed Processing” data is indicated as “Stream B”.
3.2.7 DAQ
Upon a L1A, data are transferred from the front end electronics to the builder units (BU).
Through a switching network, data are transferred to one of 8 slices. Each slice is indepen-
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Figure 3.13: HLT event rate of recorded events during a single fill.
dent parallel processing setup. It contains 2 BU and several FU. Individual slices can be
removed from operation without affecting the remaining system. This allows for operation
flexibility to react to problems with computer resources.
The builder unit receives information from each subsystem and assembles it into a single
data structure. Once assembled, the event is transferred to the FUs. These machines are
responsible for running the HLT code and determining whether the event is selected for
permanent storage.
3.3 Data
3.3.1 Datasets
Based on the decision of the trigger, events are selected for permanent recording. The
bottleneck for data storage is actually due to prompt reconstruction This is due to the speed
and number of available computers for reconstruction. The express stream is needed for
finding problems and determining the location of the beam spot for the prompt calibration
events. Prompt reconstruction is done on an artificial 48 hour delay in order to wait for
the express stream calibrations to finish. The need for datasets is due to the vast amount
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of data produced since keeping all the data together is unpractical.
Tier Structure
The express and prompt reconstruction is done at CERN at a facility known as Tier 0. This
is the top of the pyramid as seen in Fig. 3.14.
From here, data is distributed around the world.
There are 7 Tier 1 facilities and they are spread around the world, primarily are large
national laboratories. Data are duplicated at least two of these facilities in case of data
loss. Each T1 receives a subset of the full dataset, primarily the data that its dependent
T2/T3s request. In case of failure or data loss, data can be quickly transferred back. They
have large storage space to accommodate data, including what is not actively needed (like
RAW for reprocessing). RAW data contains detector readout information that is needed for
subsequent reprocessing. End users are not allowed to run jobs at these facilities in order
to safeguard the data.
Tier 2 and 3 facilities are located at or near end users’ home institution. They subscribe
or replicate from the T1s the data they are interested in analyzing. Datasets are used to
limit the extraneous data replicated to T2 and T3s. They are constructed by arranging the
data into datasets grouped together by groups of triggers (Primary Datasets) or event char-
acteristics (Secondary Datasets). For example, all events passing the single muon triggers
can be grouped into the “SingleMuon” PD or all events with a reconstructed leptonically
decaying Z boson are grouped into the “LeptonicZ” SD.
3.3.2 JSON Files
Data taking is divided into three subunits: run, luminosity section and event number. Each
event is uniquely determined by these parameters. Meta-data, including year and era, are
listed to give extra information for ease of use by analysts. The smallest block of events
which can have a unique configuration is the luminosity section which is 23 seconds in
length.
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Figure 3.14: Data facility processing path for CMS.
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JSON files are used to mask the time periods when either part of the detector was not
active or functioning improperly. The first pass is done by requiring the high voltage was on
for each subdetector. The final pass comes from subdetector experts reviewing monitoring
data for their system and certifying that it was working properly. Data that does not enter
the JSON file is not analyzed. These files undergo iterations where events can be masked
if problems are later found or unmasked if previous problems are fixed.
3.3.3 Global Tags
Global tags are collections of running configurations, calibration constants, alignment and
dead channels. It is important to know what set of tags were used, especially for the trigger
since these decisions are permanent, unlike later analysis selections. Also important is the
ECAL transparency corrections used for the HLT. On the two week cycle the transparency
is remeasured and updated in order to keep ECAL-related trigger thresholds consistent.
This is easier and more transparent to the end users than adjusting the pT thresholds.
3.4 Monte Carlo
Monte Carlo (MC) simulations are critical to have understanding of background processes.
It is generated using the latest available theoretical models in order to compare observed
data to theoretical predictions and study methods of selecting events of interest. MC is
produced by an iterative process: as theoretical understanding improves, MC is updated to
reflect this. The first LHC MC was generated using extrapolations from previous experi-
ments and later updated with information from the first data observed.
3.4.1 Generators
The first step in producing MC is to simulate the hard scattering process. This can be
done, at increasing computational complexity, at any order of perturbation theory. LO is
often sufficient for preliminary studies where speed is desired but it is not trusted for more
complete studies. NLO is usually taken a compromise between accuracy and time.
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Pythia
The workhorse MC generator for us is Pythia [67]. It is well-tested and trusted based on its
long history of use. Of the generators used at CMS, it is the simplest, fastest generator and
can simulate most background processes. It is used for all signal processes in this analysis.
Additionally, Pythia is interfaced with the other generators to provide hadronization. This
is the process by which partons in the hard processes are turned into jets in the final state.
Madgraph
Madgraph is a more accurate generator simulator since it is a matrix element generator [68].
However it is not a true NLO generator but instead performs has jet matching to improve
the accuracy over LO calculations. It has most of the background physics processes we are
interested in but not all. Most importantly, our signal process is not available in its code.
Powheg
A preferred generator is Powheg. This is a true NLO generator, unlike Madgraph, so the
calculations are more accurate. The drawback is that not all processes are available to be
simulated. Some diboson simulations, including WZ production, were only recently included
and interfaced with the CMS software framework [69]. As a result, WZ Powheg simulation
was not validated in time for this analysis.
MCFM
Another useful generator used is MCFM [70]. It is not used for any fully processed samples
since it is not interfaced with the CMS simulation machinery. Still it provides a flexible
simulation framework for generator level studies, e.g. it can easily switch between LO and
NLO.
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GEANT4
Once the hard process is completed, the particles interaction with the detector is simulated.
These interactions are performed by the GEANT4 program [71]. The particles are stepped
through the detector, registering hits, energy loss and conversions.
3.4.2 PileUp Reweighting
As previously discussed, each beam crossing contains multiple proton-proton interactions.
The number of observed interactions can be seen in Fig. 3.15. This is done with MC by
overlaying multiple MC minimum bias events to simulate different luminosity scenarios.
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Figure 3.15: Number of simultaneous interactions in recorded data for the three years of
operation.
This is an important variable that affects multiple analysis variables and event recon-
struction. It affects 6ET and lepton isolation Therefore it is important to match the number
of vertices distribution in the MC to the observed data.
Since the MC must, due to the time needed to produce it, be simulated in advance of
the full dataset, the MC is not simulated with the same distribution as data. The MC must
be weighted to match. This is accomplished by applying normalizing the number of MC
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events to the number of observed events for each number of vertices.
3.5 Reconstruction
3.5.1 Reconstruction
A more thorough analysis can be done once the data has been saved to tape for long term
storage. Without time restrictions, more complex analysis techniques can be used, including
track building and isolation calculations. Reconstructing tracks from hits in the tracker and
muon system can involve large amounts of combinatorics. For example, high pT muons can
shower in the iron of the return yoke, leading to complex hit patterns to understand. We can
also apply improved calibration and jet energy corrections. This is particularly important
for MET calculations.
3.5.2 Particle Flow
Particle flow is software that utilizes information from multiple subdetectors in order to
improve reconstruction of event [72]. It attempts to convert tracks and energy depositions
into individual particles identified by type. It is critical to have a low-occupancy tracker
to distinguish individual tracks to associate with particles. As the detector response varies
with particle type and energy, identifying particle type improves improves the 6ET resolution
. Additionally, the energy in the isolation cone around each particle can be accurately
determined by identifying particles that originate from different parton interactions.
3.5.3 Analysis Software
3.5.4 Lepton Reconstruction
Electrons are reconstructed by associating a collection of hits in the tracker and an energy
deposition in the ECAL. The reconstruction algorithm adjusts for bremsstrahlung photons
which is the main way these electron lose energy on its passage through tracker. The
photons are radiated in the φ direction as electron bends in magnetic field, but at the same
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η as the electron. The amount of emitted photons varies with material on path, so it varies
with η The GSF pT algorithm weights the tracker and ECAL measurement according to
their respective errors. Most of electron resolution for electron with pT greater than 20 GeV
comes from the ECAL since its relative error decreases with increasing energy as can be
seen in Fig. 3.16.
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Figure 3.16: Resolution of electrons pT for multiple measurement techniques.
There are three type of reconstructed muons used in CMS: global, tracker, and stand
alone. Tracker muons are identified as tracks with pT > 0.5 GeV and p > 2.5 GeV that
are matched to at least one segment in the muon system. Stand alone muons are built
only from individual hits in the muon system that are constructed into segments. Global
muons are constructed by fitting as a single track a track and segments from the muon
system. By requiring a common fit to these tracks, hits in the muon system from noise can
be suppressed.
For muons up to pT near 200 GeV, the tracker provides most of the resolution due to the
low granularity in the muon system. Above this pT, the muon system improves resolution
by extending the lever arm of the sagitta as can be seen in Fig. 3.17. This is significantly
higher transition point than electrons, whose relative error improves with increasing energy,
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the relative error of muons increases at high energy.
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Figure 3.17: Resolution of muons pT for multiple measurement techniques.
Chapter 4
Analysis
4.1 Analysis Strategy
The overall strategy is to
• Reconstruct a Z boson from pair of leptons
• Reconstruct a W boson from a third lepton and 6ET
• Require 6ET above threshold
• Apply analysis specific selections to remove SM WZ background
• Look for an excess in search bins
4.2 Triggers
As discussed in Section 3.2.6, we need to select data events using a trigger to preserve it
for later analysis. We want these triggers to be highly efficient for our signal process with
as loose a selection as possible.
Our dielectron trigger selects on two Gaussian sum filtered (GSF) electrons with pT
requirement of 33 GeV each. There is a loose set of calorimeter requirements and very loose
track ID requirements applied as well. This trigger has no isolation requirement, in contrast
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to the triggers used for the 2011 dataset, which improves our ability to reconstruct events
with small opening angles between the Z leptons.
Our dimuon trigger selects one global (tracker and muon system) muon and one tracker
muon. The difference in selection is due to a known issue in the muon system. In order to
improve the accuracy of the muon chambers, the granularity of the muon system is larger
than ideal for closely space muons. This has the consequence of introducing an inefficiency
for our analysis for two muons close together. Since the tracking system has much higher
granularity, this does not affect tracker muons, which don’t use the muon system. The
global muon has a pT requirement of 17 GeV and the tracker muon has as pT requirement
of 8 GeV.
4.3 Missing Transverse Energy Reconstruction
Missing energy is inherently a composite object. As described in Sec. 3.5.2, we use the
particle flow algorithm to identify and measure the energy and direction of jets, electrons,
photons, muons, taus and unclustered energy in the detector. It is calculated as the negative
vector sum in the transverse plane of all these objects reconstructed in the detector and is
meant to be an approximate measurement of the energy carried away by the undetected
neutrino.
4.4 Pileup
The necessity of colliding multiple protons per bunch was discussed previously in Sec. 3.1.1.
The number of simultaneous collisions is an important parameter that influences event
reconstruction. The most important variables that are affected are the 6ET reconstruction
and the lepton isolation variables. Increasing the number of reconstructed objects worsens
the 6ET resolution and can lead to significant 6ET calculated for events without neutrinos.
Lepton isolation variables are impacted when objects from other collisions pass near the
leptons.
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It is important, however, to match the distribution of the number of vertices in data
with simulation. Since the distribution is not known before data taking is complete, a
general scenario is simulated. This scenario can be corrected once the final distribution is
known. An event weight is determined from the ratio of the number of events in data with
a given number of vertices to the number in MC simulated with that number of vertices.
The reweighted MC is plotted in Fig. 4.1. After the Z selection, the MC background and
observed data agree well.
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Figure 4.1: Pileup distribution for observed data, expected background and signal after Z
selection.
4.5 Lepton Reconstruction
4.5.1 Electron Selection
The reconstructed electrons are subject to a number of selection criteria in order to distin-
guish between true electrons and jets that fake electrons. We apply two sets of criteria, one
for electrons coming from the Z boson and another for those coming from the W boson.
This is because the Z electrons have the additional requirements of opposite charge and
that the invariant mass is close to the nominal Z mass. We cannot apply these to the W
lepton and so its lepton is subject to stricter criteria.
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• ∆η: Separation between the electron track and ECAL energy deposit in η
• ∆φ: Separation between the electron track and ECAL energy deposit in φ
• σηη: Width of energy deposition in ECAL supercluster
• HE : Ratio of energy in HCAL to supercluster
• dxy: Transverse plane impact parameter
• dz: Impact parameter in z direction
• 1E − 1p : Comparison between energy measured in ECAL and tracker
• IsoPFpT : Ratio of energy in a cone around electron to electron pT
• Conversion rejection: To suppress electrons from a converted photon, requirements on
the likelihood that the electron came from the primary vertex and how many layers
in the tracker are missing hits
The selection requirements are summarized in Table 4.1.
4.5.2 Muon Selection
As with the electron selection criteria, we have two sets of requirements for muons depending
on which boson they came from. The most important difference that must be accounted for
is the loosening of the Z muon requirements to preserve signal efficiency when the muons
are close together. One of the muons is allowed to be a tracker muon (the other must be
a global muon) and the number of hits in the muon system is not required. This is due to
the problem that when two muons are very close in the muon system, the hits due to one
of the muons are assigned to the other. This leaves one muon with an insufficient number
of hits to pass our criteria, so we remove the requirement. Additionally, the isolation cones
of the two muons are altered to remove the contribution of the other muon.
• Global: Whether the muon was identified by global muon algorithm
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ID Variable
Electrons from Z Electrons from W
Barrel Endcap Barrel Endcap
|∆η| < 0.007 0.009 0.004 0.007
|∆φ| < 0.15 0.10 0.06 0.03
σηη < 0.01 0.03 0.01 0.03
H
E < 0.12 0.10 0.12 0.10
dxy < 0.02 0.02 0.02 0.02
dz < 0.2 0.2 0.1 0.1
| 1E − 1p | < 0.05 0.05 0.05 0.05
IsoPF
pT
∆R = 0.3 < 0.15 0.15 0.15 0.15
Conversion rejection vertex 1e-6 1e-6 1e-6 1e-6
Conversion rejection missing hits 1 1 1 1
Table 4.1: Summary of electron selection requirement used for electrons coming from a W
or Z boson.
• Tracker: Whether the muon was identified by tracker muon algorithm
• Nµ Hits: Number of hits in the muon system
• NMatched: Number of stations with hits matched to the track
• dxy: Transverse plane impact parameter
• dz: Impact parameter in z direction
• NPixel: Number of hits in the pixel system
• Nlayers: Number of layers in the tracker with hits
• ∆pTpT : Ratio of pT uncertainty to pT
• IsoPFpT : Ratio of energy in a cone around electron to electron pT
The selection requirements are summarized in Table 4.2.
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ID Variable Muons from Z Muons from W
pT > (GeV) 25,10 20
Global Yes Yes
NµHits > 0 0
NMatched > 1 1
dxy < 0.2 0.2
dz < 0.5 0.5
NPixel > 0 0
NLayers > 5 5
∆pT
pT
< 0.3 0.3
IsoPF
pT
∆R = 0.4 < 0.20 0.12
Table 4.2: Summary of muon selection requirement used for electrons coming from a W or
Z boson.
4.5.3 Lepton Status
After these criteria have been applied, we plot the pT distribution for the leptons in Fig. 4.2.
Good agreement can be seen in both the electron and muon pT spectrum.
4.6 Boson Reconstruction
4.6.1 Z Boson
With the leptons reconstructed, the parent bosons can be constructed. The Z boson is
the more logical of the two to reconstruct first. The reason is the presence of the neutrino
from the W boson which cannot be fully reconstructed. The Z leptons, on the other hand,
can be fully reconstructed because their leptons are charged. The benefit in being able to
fully reconstruct the daughter leptons is that the invariant mass of the Z can be used as a
selection against background. We apply a mass selection window in the dilepton invariant
mass of 91.1 ± 20 GeV. As a result, we can plot the invariant mass of the dilepton system
in Fig. 4.3 and see a strong peak at the expected mass. We can also see that the majority
of events with a genuine Z have small amount of 6ET. The distribution at this stage is shown
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Figure 4.2: Electron (left) and muon (right) pT distributions for observed data, expected
background and signal after requiring three leptons.
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in Fig. 4.4.
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Figure 4.3: MZ distribution for observed data, expected background and signal after Z
selection.
 (GeV)TE
0 50 100 150 200 250 300 350 400 450 500
Ev
en
ts
 / 
10
 G
eV
-110
1
10
210
310
410
510
CMS Preliminary 2012
 = 8 TeVs
-1L dt = 19.6 fb∫ Data γZZ/Ztt Z+Jets
WZ W' (1.0 TeV)
W' (1.5 TeV)
Figure 4.4: 6ET distribution for observed data, expected background and signal after Z
selection.
Additionally, we can suppress ZZ background by looking for a second Z boson that meets
the same criteria and uses two additional leptons.
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Figure 4.5: Number of leptons distribution for observed data, expected background and
signal after Z selection.
4.6.2 W Boson
Once the two leptons from the Z are selected, we choose the W lepton. In approximately 1%
of cases (Fig. 4.5), there is only one lepton remaining, as shown by the number of leptons
per event in Fig. 4.5. In cases where more than one exists, we choose the highest pT lepton,
based on the knowledge that the leptons in the event will be harder than background, see
Fig. 4.6.
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Figure 4.6: W electron (left) and muon (right) pT distribution for observed data, expected
background and signal after Z selection.
After requiring the third lepton, the last selection requirement for SM WZ events is the
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6ET requirement. WZ events, whether from SM production or new physics are expected
to have significant 6ET. This can be seen in the 6ET distribution after the third lepton
requirement in Fig. 4.7.
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Figure 4.7: 6ET distribution for observed data, expected background and signal before 6ET
selection
4.6.3 Transverse Mass
Since the longitudinal momentum of the neutrino is unknown, the invariant mass of the W
is unknown. We can examine the the transverse mass of the W boson to use the partial
information available. The transverse mass is based on the invariant mass where we are
ignorant of the longitudinal dimension. This is equivalent to setting the η position of each
particle to the same value. This can be seen going from Eq. 4.1 to Eq. 4.2 where ∆φ is the
azimuthal angle between the lepton and the missing transverse energy. The transverse mass
distribution of W boson before and after the 6ET requirement is made is shown in Fig. 4.8.
MW =
√
2p`T 6ET(cosh ∆η − cos ∆φ) (4.1)
MTW =
√
2p`T 6ET(1− cos ∆φ) (4.2)
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Figure 4.8: MTW distribution for observed data, expected background and signal shown after
third lepton selection (left) and after 6ET requirement (right).
4.7 Resonance Mass
The invariant mass of the WZ system cannot be determined due to the missing information
from the neutrino present in the event. As discussed in Section 3.1, we do not know
the pz of the quark-antiquark system and so we cannot know determine the longitudinal
momentum of the neutrino. Fortunately, we can make a series of good assumptions to
obtain a reasonable estimate of pzν .
4.7.1 pzν
The W boson is quite narrow, ∼2 GeV. This means that most W bosons, assuming there
is enough energy, will be produced close to their nominal mass: 80.4 GeV. If we assume
that the W boson was produced on-shell that the W daughter leptons were massless (also
a good assumption given their pT), we can reduce Equation 4.4 to the quadratic equation
in Eq. 4.5. A derivation of this can be found in Appendix A.
There are many ways to choose a solution, none of which should be obviously better
than another. We studied MC events and utilized the generator level truth to see if one
method worked better than another.
One difficult in choosing a solution is when both solutions are not close to the true
answer. So we require at least one solution to be within 100 GeV of the real value. A
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smaller challenge is that sometimes both of the solutions are close to the true value. If both
solutions are close to the true value, the choice between them is less important. Neither
solution should be considered the correct solution if both values are within the resolution
of the detector. So we require that at least one solution differ from the true value by at
least 20 GeV. The values of these selections were varied to ensure that the final result was
not strongly dependent on their values. Since the pzν is never directly used, the only place
it enters the analysis is the MWZ where its effects are small due to the presence of three
other leptons.
The algorithm that gave the smallest resolution for events passing these criteria was
found to be the least energetic pzν solution. Since both solutions will have the same pT,
the least energetic pzν solution is also the least energetic neutrino solution. The resolution
coming from a few algorithms can be seen in Fig. 4.9.
This study was initially conducted on a SM WZ MC sample, but is is important to
check whether there is a dependence on the mass of the WZ system. Such a dependence
could come from lepton or 6ET resolutions at high energy. We list the percentage of the time
that this solution is the correct one as a function of MW ′ in Table 4.3. The effectiveness
of this solution is highest at low mass and begins to decrease with increasing MW ′ until
approximately 500 GeV. Above that mass, the effectiveness of this algorithm is flat with
respect to mass.
To ensure 6ET resolution effects were properly simulated in MC, we preform a similar
study on data. We examine Z → `` events and ignore the pz measurement and add its
pT to the measured event 6ET for one of the leptons to simulate a neutrino. The pz of the
“neutrino” can be calculated as with MC and compared to the measured value. This work
demonstrated that our more extensive MC study was reliable for data.
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W
′
Mass (GeV) Correct Solution
200 83.5%
300 75.9%
400 73.6%
500 71.5%
600 72.1%
700 71.6%
800 69.8%
900 68.8%
1000 70.0%
1100 69.1%
1200 68.8%
1300 69.7%
1400 69.1%
1500 69.0%
1600 68.7%
1700 69.8%
1800 70.3%
1900 70.5%
2000 68.6%
Table 4.3: Percentage of time that the minimum energy solution is the correct solution
for the neutrino longitudinal momentum as determined on MC. Correct is defined as times
when the two solutions disagree and at least one is close to the true value.
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Terms defined in Appendix A (4.3)
m2W
2
= lEνE −~l · ~ν (4.4)
νz = Blz ±
√
B2 −X2lE (4.5)
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Figure 4.9: Effectiveness of various ways of resolving quadratic ambiguity in neutrino lon-
gitudinal momentum
Another common method to discriminate between the two solutions comes from the
expectation that the W lepton and neutrino will be collimated as the W becomes more
boosted. Therefore, one would expect that the ∆R between the lepton and neutrino would
be smaller for the true solution. As Equation 4.1 shows, both solutions are expected to
produce the same ∆η, which given they have the same ∆φ, means they have the same ∆R.
There are cases where, due to experimental resolution effects, the quadratic equation
has no real solutions. This can be explained, as in Equation A.27, that the transverse mass
of the W boson exceeds the assumed W invariant mass, namely the nominal mass. This
can not occur physically, so clearly either our assumptions are wrong or our measurements
are wrong. There are multiple ways are dealing with this problem. They include setting
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the imaginary part to zero, adjusting our measurements or adjusting our assumptions. We
do the latter, by setting the invariant mass of the W boson equal to the transverse mass of
the W boson. We find this to be the best method for preserving signal efficiency.
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Figure 4.10: MWZ distribution showing the four combined channels for observed data,
expected background and signal after WZ selection.
4.8 Analysis Variables
At this stage in the analysis, most of the SM background has been eliminated while pre-
serving as much of our signal as possible. Furthermore, most of the background remaining
is SM WZ. The event yields after applying the selection criteria listed above are given in
Table 4.4. We break down this table by channel in Table 4.5. We can now focus on selection
criteria that will suppress this background and enhance our signal.
4.8.1 MWZ
The first and most obvious selection we can make is on the invariant mass of the WZ
system. The idea is for each mass hypothesis, a search can be done by creating a MWZ
window that should capture most of the signal events and reduce the amount of background
event selected. For simplicity, these mass windows are centered around the applicable mass
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Figure 4.11: MWZ distribution showing the four individual channels for observed data,
expected background and signal after WZ selection.
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Sample Z Selection W Selection 6ET
Z + jets 2479 ± 80 254 ± 26 61 ± 13
tt 141 ± 3 46 ± 1 39 ± 1
ZZ 504 ± 1 228.1 ± 0.7 72.5 ± 0.4
Z + γ 302 ± 13 89 ± 7 19 ± 3
WZ 1694 ± 5 1298 ± 4 964 ± 3
Total Background 5120 ± 82 1915 ± 27 1156 ± 13
Data 5527 1992 1192
W
′
200 5014 ± 64 3840 ± 56 2516 ± 45
W
′
300 3211 ± 35 2868 ± 34 2360 ± 30
W
′
400 1397 ± 14 1288 ± 13 1155 ± 12
W
′
500 654 ± 6 615 ± 6 575 ± 5
W
′
600 327 ± 3 310 ± 3 295 ± 3
W
′
700 179 ± 1 171 ± 1 165 ± 1
W
′
800 102.7 ± 0.8 98.5 ± 0.8 95.5 ± 0.8
W
′
900 62.0 ± 0.5 59.6 ± 0.5 58.0 ± 0.5
W
′
1000 38.6 ± 0.3 37.2 ± 0.3 36.3 ± 0.3
W
′
1100 24.7 ± 0.2 23.9 ± 0.2 23.4 ± 0.2
W
′
1200 16.1 ± 0.1 15.5 ± 0.1 15.1 ± 0.1
W
′
1300 10.76 ± 0.08 10.37 ± 0.08 10.16 ± 0.08
W
′
1400 7.18 ± 0.06 6.88 ± 0.05 6.73 ± 0.05
W
′
1500 4.84 ± 0.04 4.61 ± 0.04 4.50 ± 0.04
W
′
1600 3.27 ± 0.03 3.11 ± 0.02 3.04 ± 0.02
W
′
1700 2.30 ± 0.02 2.18 ± 0.02 2.14 ± 0.02
W
′
1800 1.63 ± 0.01 1.54 ± 0.01 1.51 ± 0.01
W
′
1900 1.117 ± 0.009 1.053 ± 0.008 1.028 ± 0.008
W
′
2000 0.792 ± 0.006 0.746 ± 0.006 0.729 ± 0.006
Table 4.4: Observed events denoted as “Data”, and expected signal and background yields
after the main steps of the event selection with all channels combined. The numbers corre-
spond to an integrated luminosity of 19.8 fb−1.
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Sample
6ET
3e 2e1µ 1e2µ 3µ
Z + jets 11 ± 6 6 ± 4 38 ± 9 6 ± 4
tt 0.9 ± 0.2 1.0 ± 0.2 18.1 ± 0.9 19.3 ± 0.9
ZZ 8.5 ± 0.1 9.1 ± 0.2 23.7 ± 0.3 31.2 ± 0.3
Z + γ 3 ± 1 0 ± 0 16 ± 3 0.5 ± 0.5
WZ 113 ± 1 128 ± 1 315 ± 2 408 ± 2
Total Background 137 ± 6 144 ± 4 410 ± 10 465 ± 5
Data 130 143 411 508
W
′
200 311 ± 16 300 ± 16 876 ± 27 1029 ± 29
W
′
300 310 ± 11 389 ± 12 735 ± 17 926 ± 19
W
′
400 185 ± 5 220 ± 5 336 ± 7 415 ± 7
W
′
500 103 ± 2 119 ± 3 158 ± 3 195 ± 3
W
′
600 53 ± 1 64 ± 1 81 ± 1 97 ± 2
W
′
700 31.7 ± 0.6 35.1 ± 0.7 44.5 ± 0.7 53.6 ± 0.8
W
′
800 18.4 ± 0.4 20.5 ± 0.4 25.7 ± 0.4 30.9 ± 0.5
W
′
900 11.2 ± 0.2 13.1 ± 0.2 15.8 ± 0.2 17.9 ± 0.3
W
′
1000 7.1 ± 0.1 8.1 ± 0.1 9.7 ± 0.2 11.4 ± 0.2
W
′
1100 4.66 ± 0.08 5.17 ± 0.09 6.33 ± 0.10 7.2 ± 0.1
W
′
1200 2.99 ± 0.05 3.38 ± 0.06 4.00 ± 0.06 4.77 ± 0.07
W
′
1300 1.99 ± 0.04 2.25 ± 0.04 2.78 ± 0.04 3.14 ± 0.04
W
′
1400 1.33 ± 0.02 1.51 ± 0.03 1.79 ± 0.03 2.09 ± 0.03
W
′
1500 0.89 ± 0.02 0.98 ± 0.02 1.24 ± 0.02 1.38 ± 0.02
W
′
1600 0.61 ± 0.01 0.66 ± 0.01 0.82 ± 0.01 0.96 ± 0.01
W
′
1700 0.429 ± 0.008 0.465 ± 0.008 0.578 ± 0.009 0.663 ± 0.009
W
′
1800 0.304 ± 0.005 0.324 ± 0.006 0.412 ± 0.006 0.470 ± 0.007
W
′
1900 0.204 ± 0.004 0.220 ± 0.004 0.274 ± 0.004 0.331 ± 0.005
W
′
2000 0.147 ± 0.003 0.154 ± 0.003 0.199 ± 0.003 0.230 ± 0.003
Table 4.5: Observed events denoted as “Data”, and expected signal and background yields
after the 6ET selection, broken down by channel. The numbers correspond to an integrated
luminosity of 19.8 fb−1.
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hypothesis. As discussed, the SM WZ events are concentrated at low WZ mass, as shown in
the distribution in Fig. 4.10. We break this distribution down into the four lepton channels
for reference in Fig. 4.11.
4.8.2 LT
We looked at several additional selection selections for suppressing SM background. The
first of these is called LT which is defined in Eq. 4.6, where i loops over the three charged
particles in the event. This variable is expected to have a higher value for signal processes
than SM background because the parent bosons are also expected to be boosted. The
distribution can be seen in Fig. 4.12. We break this distribution down into the four lepton
channels for reference in Fig. 4.13.
LT =
∑
p`,iT (4.6)
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Figure 4.12: LT distribution showing the four combined channels for observed data, ex-
pected background and signal after WZ selection.
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Figure 4.13: LT distribution showing the four individual channels for observed data, ex-
pected background and signal after WZ selection.
71
4.8.3 Optimization of Selections
We have looked at two ways of optimizing selections. (Also looked at optimizing different
selections, see below).
The firsts is sequential optimization. This uses a metric
NSig√
NSig+NBkg
which CITE op-
timizes signal to background. Next the mass window selections are optimized to give the
best expected limits. The expected limits are optimized in order to not bias the observed
limits.
Later we optimized the LT and mass window selections simultaneously. We create a
two dimensional of grid of LT and mass window selections and then calculated the limits at
each of the points. The grid had 50 GeV spacing and was centered at the selections we used
for the 7 TeV analysis so the origin of the figure is no shift with respect to that analysis.
An example grid with limits is shown in Fig. 4.15. We run the same analysis for each mass
point and find the pair of selections that optimizes the limit. We fit t this as a function
of of the W
′
mass in order to smooth any statistical fluctuations. Fitting also allows us to
determine the selection values at any W
′
mass value we choose.
Note that there are two clearly defined regions in the fit, both linear. At low W
′
mass
the LT selection is increasing in order to suppress the background seen in Fig. 4.12 but
becomes constant at high mass where there is no more additional background. When no
more background is present, increasing the LT selection only lowers the signal efficiency.
The mass window selection is small and increasing slowly at low mass where the background
is present but once the background runs out (see Fig 4.10), the slope is much steeper. This
is because increasing the mass window allows very little background in this phase space but
recovers the signal events. The fits are shown in Fig. 4.14 and the final fits are listed in
Eq. 4.7 and 4.8.
∆MWZ = MAX(0.2MWZ − 20GeV, 1.45MWZ − 1500GeV) (4.7)
LT > MIN(0.5MWZ + 25GeV, 500) (4.8)
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Figure 4.15: Expected limit grid used to find the optimized value of LT versus MWZ selection
requirements for the W
′
1100 GeV point.
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4.8.4 Boson Transverse Momentum
Another good candidate variable to use is the transverse momentum of the reconstructed
bosons, pZT and p
W
T . As we’ve said earlier, we expect boosted bosons from our signal and
so we can look at the distribution in Fig. 4.16 and Fig. 4.17. The problem with using this
variable is that while we expect the bosons to be boosted, it is possible that only one of
the bosons is boosted above some threshold. This is especially true for a low mass new-
resonance and so these variables are not used for this analysis. The relationship between
these two variables can be seen in Fig. 4.18.
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Figure 4.16: pZT distribution for the four combined channels for observed data, expected
background and signal after WZ selection.
4.8.5 Meff
A related variable is the so-called effective mass, defined in Eq. 4.9. This variable follows
the same logic as LT but now puts the neutrino on equal footing by adding the 6ET to the
scalar sum. The complication in using this variable is that the 6ET is the least well modeled
and understood variable we have to work with. Including 6ET means that we have to be
much more careful about how tightly we can select on this variable. For this reason, we do
not use this variable in the analysis.
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Figure 4.17: pWT distribution for the four combined channels for observed data, expected
background and signal after WZ selection.
Figure 4.18: pZT versus p
W
T distribution for the four combined channels for observed data,
expected background and signal after WZ selection.
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Meff = LT+ 6ET (4.9)
4.9 Event Displays
An important way to study interesting events is looking at event displays. These are
powerful tools that can show features in events that may not show up in histograms. Aspects
of topology are clearer and correlation between variables are clearer in event displays. For
example, the event display in Fig. 4.19 shows a W and Z boson decaying to an electron
plus neutrino and a pair of muons. The electron is identified as the blue line connecting
one of the green tracks to an red energy deposit in the ECAL. Energy from the HCAL is
indicated in blue. The neutrino is associated with the red arrow indicating the 6ET in the
collision. The muons are indicated by the red lines connected to hits in the muon system.
The chambers with hits are highlighted to better follow the particle’s path. The W and Z
are recoiling against each other as we expect for a high mass state and the leptons from
each boson emerge close together. This is an event display of the highest invariant mass
event we recorded. It is also the event with the highest LT and 6ET we observed. Additional
event displays are Appendix B.
4.10 Improvements from 2011 to 2012
A number of changes were made to the analysis from the 2011 to 2012. As can be seen in
Fig. 4.20, the efficiency for W
′
masses above 1 TeV falls rapidly, approximately 50% by 1.5
TeV. This inefficiency is due to the small separation between the Z boson daughter leptons.
As the W
′
mass increases, the Z boson becomes more boosted and its daughters emerge
closer together.
The 2011 analysis was only slightly sensitive to this inefficiency, as can be seen in
Fig. 4.21, where the limits at high mass become weaker with increasing mass. ATLAS has
shown a similar sensitivity to this problem with their preliminary 2012 results, shown in
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Figure 4.19: Event display showing WZ → eνµ+µ− with MWZ = 1250 GeV, LT = 733
GeV, and 6ET = 458 GeV.
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Figure 4.22: Observed, expected median along with the 1 and 2 σ expected bands from the
2012 ATLAS W
′
/ ρTC → WZ → 3`ν analysis.
Fixing this inefficiency was a major focus of the 2012 analysis. The most significant
changes were the switch to PF isolation, a modified muon ID and new triggers. Particle
flow isolation takes into account the origin of energy near the leptons. Knowing where the
energy came from means it can be treated differently, depending on source. For example,
two electrons close together leave large energy deposits in each other’s isolation cone. PF
treats this situation differently from an electron with a jet nearby, while detector based
isolation doesn’t.
A modified muon ID, described previously, was applied to the Z muons to account for
inefficiencies in the global muon algorithm for muons close together. The inefficiency as a
function of ∆R is shown in Fig. 4.23.
Finally, new triggers for electrons and muons were used in 2012. The 2011 electron
trigger applied detector based isolation which caused inefficiency for close together electrons.
For 2012, we used a trigger with no isolation applied since PF isolation is time consuming for
the trigger. The 2011 muon trigger required two muons to pass the Global muon algorithm.
As with the ID, the algorithm had an inefficiency for nearby muons. The 2012 trigger
required a global muon and a tracker muon to recover the efficiency. After these changes
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have been applied, the efficiency at high mass is nearly flat with respect to W
′
mass, as
shown in Fig. 4.24.
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Figure 4.24: Search efficiency versus W
′
mass for 2012 analysis.
Chapter 5
Matrix Method: Data Driven Background
Estimation
5.1 Matrix Method
The matrix method is a data driven method for determining the yield from background
sources with 2 real, prompt leptons and 1 fake or non-prompt lepton. The two primary
sources of this background are Z + jets and tt. Z + jets contains 2 prompt leptons and 1
fake lepton, likely coming from a jet misidentified as a lepton. tt contains 2 prompt and 1
non-prompt lepton, usually coming from the decay of a b quark.
The matrix method defines two samples, loose (NL) and tight (NT ). The tight sample
is identical to the final selection where the background determination should be made while
the loose sample is the same as the tight sample with one or more selection cuts loosened.
The loosened cuts are meant to enrich the sample with jets faking leptons and non-prompt
leptons. We can describe the each sample in terms of the true identity of the W lepton
as in Eq. 5.1. The loose sample can be separated into the number of events where the
W lepton is a prompt lepton, N` and the number of events where it is made from a fake
or non-prompt lepton, Nj . Likewise the the tight sample can separated. Here, e is the
probability that a true lepton in our loose sample will pass our tight selection. Likewise, p
is the probability that a fake or non-prompt lepton will enter our tight selection. We can
solve these equations for the number of events in the tight sample where the W lepton is
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not from a prompt lepton, which we identify as the background yield. In order to have
independent samples for error propagation, we define a sample orthogonal to NT named
NF which contains the events that fail to pass our tight selection (Eq. 5.2. The solution is
listed in Eq. 5.3.
NL = N` +Nj (5.1)
NT = eN` + pNj
NF ≡ NL −NT (5.2)
N` =
1
e− p((1− p)NT − pNF ) (5.3)
Nj =
1
e− p(−(1− e)NT + eNF )
As this cut is effective at suppressing jet background, loosing this cut introduces a
signification amount of jet background. The amount can be seen in the lepton isolation
distribution plot Fig. 5.1 as the prompt leptons dominate at low values and jet background
dominates at values above our cut.
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Figure 5.1: Combined PF relative isolation of W electrons (left) and muons (right).
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5.2 General Solution
There are two major drawbacks of the above method. Most importantly, there is a non-
negligible possibility that the lepton being faked is not the W lepton. Sometimes the Z is
constructed from one true lepton and one fake lepton. This happens when a fake lepton
happens to produce a dilepton mass closer to the nominal Z mass, taking into account the
detector resolution and distribution that a true+fake dilepton mass. For Z + jets and tt,
this leaves one true lepton to construct the W boson. Such a scenario would count towards
the signal bin in Eq. 5.1.
The other possibility is that one or more of the leptons are non-prompt. This can
happen with background sources such as W + jets, tt where only one W decays leptonically,
W + γ and QCD. We checked the contribution of the the terms that contribute more than
one fake or non-prompt leptons. As can be seen below in Equation C.1, each non-prompt
lepton carries a factor of p which is expected to be an order of magnitude smaller than e.
The contribution of these events is negligible, even though the cross section for these event
types is typically larger. This is detailed in Table 5.2.
This method can be expanded to account for the possibility that any and all of the
leptons are non-prompt. Generalizing Eq. 5.1 for three leptons results in equation Eq. C.1,
where the subscripts are now used to distinguish the three leptons. We need to define 8
samples to account for whether or not each of the three lepton passes our tight selection
(23 = 8), NXY Z with X,Y, Z ∈ T, F . The subscripts stand for the leading Z lepton, the
trailing Z lepton and the W lepton, respectively. The same order holds for the true identity
of the lepton e.g. nxyz with x, y, z ∈ `, j. The matrix can be inverted to give Eq. C.3.
These equations can also be visualized as matrices in Eq. 5.6, located in Appendix C.
These matrices become unwieldy for three leptons and it is preferable to write them as in
Eq. 5.4 and Eq. 5.5 where the coefficients are defined in Table 5.1.
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nxyz =
∑
X,Y,Z∈T,F
aXx a
Y
y a
Z
z NXY Z (5.4)
NXY Z =
∑
x,y,z∈`,j
bXx b
Y
y b
Z
z nxyz (5.5)
aXx ` j
T e p
F 1-e 1-p
bXx ` j
T 1−pe−p
(−1)(1−e)
e−p
F −pe−p
e
e−p
Table 5.1: Coefficient in background determination formula as a function of source of “lep-
ton” and whether it passes “Tight” selection.
n``` =
1
(e1 − p1)(e2 − p2)(e3 − p3)
[ NTTT (1− p1)(1− p2)(1− p3)
−NTTF (1− p1)(1− p2)( p3)
−NTFT (1− p1)( p2)(1− p3)
+NTFF (1− p1)( p2)( p3)
−NFTT ( p1)(1− p2)(1− p3)
+NFTF ( p1)(1− p2)( p3)
+NFFT ( p1)( p2)(1− p3)
−NFFF ( p1)( p2)( p3)] (5.6)
5.3 Efficiencies
The first input to the Matrix Method equation is the rate at which a prompt lepton passing
the loose criteria will also pass the tight criteria. The efficiencies are measured using the
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3e 2e1µ 2µ1e 3µ
NTTT 1.26 1.06 1.28 1.08
NTTF -0.05 0 -0.05 -0.04
NTFT -0.05 0 -0.01 0
NTFF 0 0 0 0
NFTT -0.19 -0.06 -0.22 -0.04
NFTF 0 0 0 0
NFFT 0 0 0 0
NFFF 0 0 0 0
Table 5.2: Contribution to the background estimate based on the number and origin of the
leptons.
“Tag and Probe” method [73]. The principle of the method is to create a situation where one
is very certain that the object being studies in a prompt lepton. The most straightforward
situation for this is the leptonic decay of a Z boson. We require two objects that form an
invariant mass very close to the nominal Z mass. We then require one of the leptons to pass
a very strict lepton criteria. The second lepton is then required to pass some loose criteria.
Once these two steps are completed, very little background is left and what is left can be
accounted for and removed. The efficiency is then determined by applying a tight lepton
criteria. The efficiency is defined as the number of events that pass the loose criteria that
also pass the tight criteria.
• N` = 2
• M`` ∈ 91.1 ± 20 GeV
• One lepton passing “Tight” selection described in Sec. 4.5
• 6ET < 20 GeV
The efficiencies are listed in Table 5.3. With MC we can examine the true makeup of
the sample we used to measure the rates. These numbers are shown in Table 5.4 and show
a high purity of genuine Z events.
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Data MC
0.000 < |η| ≤ 1.479 1.479 < |η| ≤ 2.5000 0.000 < |η| ≤ 1.479 1.479 < |η| ≤ 2.5000
30 < pT ≤ 40 0.8115 ± 0.0036 0.8360 ± 0.0019 0.8250 ± 0.0066 0.7950 ± 0.0036
40 < pT ≤ 50 0.8717 ± 0.0005 0.9132 ± 0.0007 0.9097 ± 0.0009 0.8852 ± 0.0015
50 < pT ≤ 60 0.8941 ± 0.0003 0.9327 ± 0.0005 0.9423 ± 0.0005 0.9186 ± 0.0009
60 < pT ≤ 70 0.8993 ± 0.0006 0.9379 ± 0.0009 0.9535 ± 0.0008 0.9404 ± 0.0016
70 < pT ≤ 80 0.9044 ± 0.0014 0.9466 ± 0.0017 0.9561 ± 0.0017 0.9556 ± 0.0029
80 < pT ≤ 90 0.9034 ± 0.0023 0.9421 ± 0.0024 0.9700 ± 0.0029 0.9684 ± 0.0040
90 < pT ≤ ∞ 0.9074 ± 0.0032 0.9433 ± 0.0034 0.9663 ± 0.0036 0.9739 ± 0.0049
Z Electron 0.000 < |η| ≤ 1.479 1.479 < |η| ≤ 2.5000 0.000 < |η| ≤ 1.479 1.479 < |η| ≤ 2.5000
30 < pT ≤ 40 0.8128 ± 0.0034 0.8373 ± 0.0018 0.8293 ± 0.0059 0.8014 ± 0.0032
40 < pT ≤ 50 0.8718 ± 0.0005 0.9133 ± 0.0007 0.9108 ± 0.0008 0.8876 ± 0.0014
50 < pT ≤ 60 0.8937 ± 0.0003 0.9326 ± 0.0005 0.9414 ± 0.0004 0.9197 ± 0.0009
60 < pT ≤ 70 0.8984 ± 0.0006 0.9377 ± 0.0009 0.9519 ± 0.0007 0.9403 ± 0.0015
70 < pT ≤ 80 0.9026 ± 0.0014 0.9461 ± 0.0017 0.9529 ± 0.0016 0.9542 ± 0.0028
80 < pT ≤ 90 0.9028 ± 0.0023 0.9421 ± 0.0024 0.9662 ± 0.0029 0.9687 ± 0.0039
90 < pT ≤ ∞ 0.9064 ± 0.0032 0.9426 ± 0.0034 0.9633 ± 0.0037 0.9718 ± 0.0048
W,Z Muon 0.000 < |η| ≤ 2.1 2.1 < |η| ≤ 2.4 0.000 < |η| ≤ 2.1 2.1 < |η| ≤ 2.4
10 < pT ≤ 20 0.4950 ± 0.0010 0.5501 ± 0.0028 0.5338 ± 0.0021 0.4611 ± 0.0056
20 < pT ≤ 30 0.6956 ± 0.0004 0.7464 ± 0.0013 0.7143 ± 0.0009 0.6425 ± 0.0028
30 < pT ≤ 40 0.8294 ± 0.0002 0.8578 ± 0.0008 0.8409 ± 0.0005 0.7700 ± 0.0018
40 < pT ≤ 50 0.9223 ± 0.0002 0.9325 ± 0.0006 0.9311 ± 0.0003 0.8733 ± 0.0014
50 < pT ≤ 60 0.9455 ± 0.0003 0.9515 ± 0.0010 0.9514 ± 0.0006 0.9110 ± 0.0026
60 < pT ≤ 70 0.9520 ± 0.0005 0.9616 ± 0.0017 0.9566 ± 0.0010 0.9328 ± 0.0044
70 < pT ≤ 80 0.9576 ± 0.0007 0.9637 ± 0.0026 0.9602 ± 0.0015 0.9552 ± 0.0057
80 < pT ≤ 90 0.9607 ± 0.0010 0.9672 ± 0.0036 0.9597 ± 0.0021 0.9517 ± 0.0084
90 < pT ≤ ∞ 0.9641 ± 0.0012 0.9667 ± 0.0049 0.9663 ± 0.0025 0.9536 ± 0.0111
Table 5.3: Efficiency for electrons and muons for prompt leptons passing the loose selection
to pass the tight selection.
Electron (%) Muon (%)
WZ 0.5 0.5
tt 1.2 0.4
Z + jets 97 96
Zγ 0.8 1.9
ZZ 0.6 0.8
Table 5.4: Breakdown of samples used to measure efficiency rates.
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5.4 Fake Rates
In order to measure fake rates, we first must obtain a sample where we can identify one
object as a jet. We have tried two methods for doing this.
The first is to look for a sample of W+jets, where the W boson decays leptonically. This
process has advantage of having a large cross section and the W lepton can be triggered on
which gives us an unbiased jet for our fake rate study. The disadvantage of this sample is
that the there is often an ambiguity in the selection of the W lepton between the true W
lepton and the jet. The 6ET, usually the worst measured aspect of the event, is often small
enough that the cut value allows in many background processes. The largest backgrounds
for this process are tt, Z + jets or W + γ. While we achieved a purity of W + jets events
greater than 90%, the fake rate is so low that even a small contamination of events with
second genuine lepton will bias the measurement greatly. It is very difficult to suppress
these contaminating events so we attempt to find a sample we can control better.
• N` = 2
• MT`ν > 30 GeV
• W lepton lepton passing “Tight” selection described in Sec. 4.5
• 6ET > 30 GeV
The second way is to look for a sample of Z+jets, where the Z boson decays leptonically.
This process has a smaller cross section than W + jets (a factor of ∼ 7) but allows us
to reconstruct the Z boson in order to get a better handle on the event. The largest
backgrounds for this process are tt, Zγ and WZ. The fake rates are listed in Table 5.5. The
MC truth breakdown is listed in Table 5.6 and shows reasonable purity of Z + jets events.
• N` = 2
• M`` ∈ 91.1 ± 20 GeV
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• Z leptons passing “Tight” selection described in Sec. 4.5
• 6ET > 20 GeV
Data MC
W Electron 0.000 < |η| ≤ 1.479 1.479 < |η| ≤ 2.5 0.000 < |η| ≤ 1.479 1.479 < |η| ≤ 2.5
20 < pT ≤ ∞ 0.0698 ± 0.0503 0.2222 ± 0.0963 0.0541 ± 0.0376 0.1811 ± 0.0979
Z Electron 0.000 < |η| ≤ 1.479 1.479 < |η| ≤ 2.5 0.000 < |η| ≤ 1.479 1.479 < |η| ≤ 2.5
20 < pT ≤ ∞ 0.0536 ± 0.0390 0.2051 ± 0.0762 0.0481 ± 0.0311 0.1592 ± 0.1080
W Muon 0.000 < |η| ≤ 2.1 2.1 < |η| ≤ 2.4 0.000 < |η| ≤ 2.1 2.1 < |η| ≤ 2.4
20 < pT ≤ ∞ 0.0385 ± 0.0099 0.0833 ± 0.0763 0.0398 ± 0.0286 0.0426 ± 0.0500
Z Muon 0.000 < |η| ≤ 2.1 2.1 < |η| ≤ 2.4 0.000 < |η| ≤ 2.1 2.1 < |η| ≤ 2.4
20 < pT ≤ ∞ 0.0345± 0.0092 0.0645± 0.0599 0.0445 ± 0.0254 0.0566± 0.0314
Table 5.5: Efficiency for electrons and muons for fake and non-prompt leptons passing the
loose selection to pass the tight selection, measured on a Z + jets sample.
Electron (%) Muon (%)
WZ 3 3
tt 0.5 2
Z + jets 86 93
Zγ 7 1
ZZ 4 1
Table 5.6: Breakdown of samples used to measure fake rates on Z + jets sample.
A third possibility is to use a QCD sample, which offers increased statistics but a more
complicated measurement. This approach was utilized for the WZ cross section measure-
ment [74] where this background determination is much more important.
5.5 Closure Test
We also perform a closure test where we measure the fake rates and efficiencies measured
on MC (Tables 5.3-5.5) and apply them to the MC yields in each of the eight loose/tight
bins (Table 5.7). Under a closure test, the MM should given results that agree with the MC
yields we input. The result of this test is listed in Table 5.8. This test gives us confidence
in the methodology of the MM we used.
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3e 2e1µ 2µ1e 3µ
123n``` 122 ± 13 129 ± 12 378 ± 4 430 ± 4
NTTT − 123n``` 22 ± 3 14 ± 1 32 ± 1 35 ± 1
NTTT 137 144 410 465
NTTF 36 28 88 99
NTFT 27 14 116 119
NTFF 3 3 369 408
NFTT 148 325 149 165
NFTF 20 47 33 41
NFFT 13 29 32 32
NFFF 6 5 15 19
Table 5.7: Background determination of the MM from MC.
3e 2e1µ 2µ1e 3µ
Monte Carlo Yields
e1e2e3n``` 122 ± 1 137 ± 1 339 ± 2 439 ± 2
NTTT − e1e2e3n``` 16 ± 6 7 ± 4 71 ± 10 26 ± 5
Matrix Method: Monte Carlo
123n``` 122 ± 13 129 ± 12 378 ± 4 430 ± 4
NTTT − 123n``` 22 ± 3 14 ± 1 32 ± 1 35 ± 1
Matrix Method: Data
123n``` 79 ± 10 85 ± 10 265 ± 19 390 ± 21
NTTT − 123n``` 13 ± 2 11 ± 1 58 ± 4 41 ± 2
Table 5.8: Comparison of the input MC yields with output of the MM applied to MC and
the output from data.
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5.6 Output
The final results from the MM are listed in Table 5.9 after the 6ET selection and the yields
from the final search bins along with the yields from MC in Table 5.10. These show agree-
ment between the MM and MC within statistics.
3e 2e1µ 2µ1e 3µ
123n``` 79 ± 10 85 ± 10 265 ± 19 390 ± 21
NTTT − 123n``` 13 ± 2 11 ± 1 58 ± 4 41 ± 2
NTTT 92 96 323 431
NTTF 25 28 300 382
NTFT 11 15 60 50
NTFF 5 3 99 116
NFTT 100 268 440 817
NFTF 16 47 118 268
NFFT 15 28 27 71
NFFF 1 10 81 170
Table 5.9: Background determination of the MM after 6ET selection.
W
′
Mass
Monte Carlo Yield Matrix Method Yield
eee eeµ µµe µµµ eee eeµ µµe µµµ
200 8.7 ± 0.3 10 ± 0.3 23.1 ± 0.5 29.6 ± 0.6 3 ± 2 10 ± 3 20 ± 5 31 ± 6
300 7.6 ± 0.3 8.5 ± 0.3 18.2 ± 0.5 23.2 ± 0.5 7 ± 3 9 ± 3 16 ± 5 20 ± 5
400 4.2 ± 0.2 4.9 ± 0.2 9.3 ± 0.3 11.7 ± 0.4 5 ± 2 1 ± 1 16 ± 4 9 ± 3
500 3 ± 0.2 3.1 ± 0.2 4.6 ± 0.2 5.7 ± 0.3 2 ± 1 2 ± 1 4 ± 2 1 ± 1
600 2 ± 0.2 1.7 ± 0.1 2.7 ± 0.2 3.2 ± 0.2 0 ± 0.1 1 ± 1 3 ± 2 2 ± 1
700 0.76 ± 0.1 0.88 ± 0.1 1.5 ± 0.1 1.6 ± 0.1 0.004 ± 0.006 2 ± 1 2 ± 1 0 ± 0.04
800 0.43 ± 0.07 0.58 ± 0.08 0.9 ± 0.1 0.9 ± 0.1 1 ± 1 1 ± 1 1 ± 1 0 ± 0.07
900 0.33 ± 0.06 0.53 ± 0.08 0.55 ± 0.08 0.61 ± 0.09 2 ± 1 0 ± 0 1 ± 1 1 ± 1
1000 0.23 ± 0.05 0.29 ± 0.06 0.37 ± 0.07 0.45 ± 0.07 0 ± 0.1 0 ± 0 0 ± 0 0 ± 0.04
1100 0.11 ± 0.04 0.09 ± 0.03 0.27 ± 0.06 0.37 ± 0.07 0 ± 0 0 ± 0 0 ± 0 0 ± 0
1200 0.13 ± 0.04 0.07 ± 0.03 0.2 ± 0.05 0.18 ± 0.04 0 ± 0 0 ± 0 1 ± 1 0 ± 0
1300 0.13 ± 0.04 0.12 ± 0.04 0.19 ± 0.05 0.12 ± 0.03 0 ± 0 0 ± 0 1 ± 1 0 ± 0
1400 0.13 ± 0.04 0.16 ± 0.05 0.18 ± 0.05 0.13 ± 0.04 0 ± 0 0 ± 0 1 ± 1 0 ± 0
1500 0.13 ± 0.04 0.16 ± 0.05 0.19 ± 0.05 0.09 ± 0.03 0 ± 0 0 ± 0 1 ± 1 0 ± 0
1600 0.14 ± 0.04 0.17 ± 0.05 0.16 ± 0.04 0.09 ± 0.03 0 ± 0 0 ± 0 1 ± 1 0 ± 0
1700 0.14 ± 0.04 0.14 ± 0.04 0.16 ± 0.04 0.07 ± 0.03 0 ± 0 0 ± 0 1 ± 1 0 ± 0
1800 0.08 ± 0.03 0.14 ± 0.04 0.14 ± 0.04 0.08 ± 0.03 0 ± 0 0 ± 0 1 ± 1 0 ± 0
1900 0.07 ± 0.03 0.13 ± 0.04 0.11 ± 0.04 0.08 ± 0.03 0 ± 0 0 ± 0 0 ± 0 0 ± 0
2000 0.05 ± 0.02 0.13 ± 0.04 0.1 ± 0.03 0.08 ± 0.03 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Table 5.10: Comparison of 3 prompt lepton yield from MC (left) to the Matrix Method
(right) 3 prompt lepton yield, broken down into the 4 channels for each of the final search
bins.
Chapter 6
Systematic Uncertainties
Measurement errors can be separated into two categories: statistical and systematic. Only
statistical errors have been handled so far in this analysis. These are errors that depend on
the size of the sample studied and decrease as the sample size is increased. They enter this
analysis in the estimation of the MC signal and background yields. The more MC that is
generated the smaller these errors become at the cost of increasing computing resources or
time. The error is w ∗√Ngen where w ≡ σLNgen thus the relative weight is 1Ngen .
Systematic uncertainties, on the other hand, are unaffected by the sample size consid-
ered. They are errors associated with the manner or situation of the measurement. Example
sources of systematic uncertainties include measuring the efficiency of some selection on a
different sample than what is used in the analysis. Out systematic uncertainties can be
grouped into four categories: lepton related uncertainties, simulation uncertainties, back-
ground yield uncertainties and luminosity uncertainties. A summary of all the systematic
uncertainties is given in Table 6.1.
6.1 Lepton Uncertainties
The first type of uncertainties affect the acceptance, reconstruction, identification, and
isolation efficiencies of final-state objects, as determined from simulation. This category
includes uncertainties on lepton and 6ET energy scales and resolution, as well as theoretical
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uncertainties in the parton distribution functions (PDFs) and from NLO effects. The un-
certainty is derived by taking the relative difference between the unmodified yield and the
yield obtained from modifying the selected property. Where statistics runs out, particularly
at high mass we take the asymptotic value of the uncertainty.
6.1.1 6ET Uncertainties
We estimate the impact of the 6ET scale and resolution uncertainties by varying the relevant
parameter and measuring the effects on the yield of signal and background in MC for each
mass point under consideration. We use the official recommended method for computing
uncertainties on 6ET [75].
Lepton Momentum and Energy Uncertainties
Variation of the lepton momentum and energy scales of 0.2%, 5% [76] and 2% are applied to
low pT muons, high pT muons and electrons, respectively. The high pT uncertainty applies
to muons with a few hundred 100 GeV of momentum. We find the high pT uncertainty
becomes important for the 500 GeV W
′
and above, where it becomes more likely to have
a high pT muon. Additionally, the muon pT is varied by 0.6% [76] and propagated through
the selection to assess the systematic effect.
Pileup Uncertainty
Pileup-reweighting is applied using the true number of vertices method and the input data
distribution which reflects the 73.5 mb minimum bias cross section [77]. To estimate the
pileup uncertainty, as the systematic effect on the final selection yield, we recalculate the
data distribution for a 69.3 mb minimum bias cross section and take the difference as a
systematic.
PDF Uncertainties
We assign an uncertainty due to our choice of PDFs as well. We do this by looking at the
difference in acceptance coming from three different PDF sets: MSTW2008 [78], CT10 [79]
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and NNPDF2.0 [80]. We take the uncertainty by forming an envelope of the three sets
and taking the maximum deviations as the uncertainty as recommended by the PDF4LHC
group [81]. The uncertainty grows at larger WZ mass because the PDFs are less well
measured. Signal PDF uncertainties, taken from Ref. [82], are not taken into account with
respect to the central limit, but are used to provide a uncertainty band around the signal
cross section.
6.2 Simulation Uncertainties
The second type of uncertainties are those coming from the differences between simulation
and data efficiencies. These uncertainties include lepton trigger, reconstruction, identifi-
cation, and isolation efficiencies. Some of these uncertainties were available from official
CMS groups. Those that weren’t available were determined by applying the “Tag and
Probe” method [73]. The difference of the data-simulation ratio from unity was taken as a
systematic uncertainty if more specific uncertainties are not available.
In order to account for any difference in the trigger scale factors due to the difference
between the a similar ID [83] and our ID, we apply a 2% systematic to the events where the
Z decays to electrons. We take a 2% systematic uncertainties to account for the difference
in reconstruction efficiency between data and MC [84]. We apply another 1% due to the
scale factors due to the electron ID and isolation [85].
For the muon trigger, we apply a 5% systematic to events where the Z boson decayed
to muons. We take another 2% uncertainty due to the differences between data and MC
efficiency of reconstruction of Global and Tracker muons [86]. Finally, we apply a 3%
uncertainty on the scale factors due to ID and isolation [87]. Since we expect a boosted
topology, we expect a difference between the behavior of scale factors at large and small
∆R and this value should cover the differences [88]. The trigger uncertainties are applied
per event and the the ID/isolation uncertainties are applied per lepton.
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6.3 Background Yield Uncertainties
The third type of uncertainties account for uncertainties that affect the expected yield of
the background processes. SM WZ is by far the dominant background and so it is most
important to correctly understand its uncertainty. For the other backgrounds we derive the
uncertainty from experimental results. No experimental uncertainty was available at 8 TeV
for this analysis and so its error is derived from theoretical sources. These include the PDF
uncertainties discussed above, renormalization and factorization scales, and uncertainties
due to using Madgraph for the simulation. The PDF uncertainties are only applied to the
WZ background because they are expected to be part of the experimental uncertainty for
the other background.
We determined the scale uncertainties by varying the renormalization and factorization
scales independently in a 5x5 grid for each mass point. The largest relative difference in
cross section was determined and taken as the uncertainty. We take an uncertainty of of
5% for WZ masses up to 500 GeV and up to 15% from 600 GeV to 2 TeV.
Madgraph, as discussed previously, is not a true NLO generator. As a result, the
simulation kinematics may not match the observed data. This was seen previously when
observing the LT distribution between Pythia and Madgraph which motivated the switch
to using Madgraph for WZ MC. To qualify this misspelling, we compare the generator level
cross sections produced by Madgraph and NLO MCFM. The uncertainties were calculated
for each mass point with the full search window selections applied, as with the scale un-
certainties. For low WZ masses, up to 1 TeV, we take an uncertainty of 5% and 30% for
WZ masses between 1 and 2 TeV. The larger uncertainty at high masses is a result of the
predictions diverging in this phase space.
To determine the uncertainty of the ZZ background yield we looked at the relative
uncertainty of the ZZ cross section measurement at 8 TeV. This was determined to be
15% [89]. The bulk of these events, however, are produced with little boost. This is in
contrast to the reach of this analysis. We aimed to have our uncertainty reflect this boosted
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regime and therefore looked at the high M4` region. Based on the relative uncertainty on
the region with M4` >500 GeV, we assign a 30% uncertainty to this background. This is
consistent with another analysis studying boosted ZZ events, where one Z decays invisibly
[90].
Ideally, we would also use the experimentally measured uncertainty on Zγ cross section
as the uncertainty. However, this is not available for the 8 TeV dataset. The measurement
was performed at 7 TeV [91] and, while this is not ideal, we do not expect the relative error
to depend much on the COM energy. The measured uncertainty was 5.4%. We increased
this measurement to 50% to ensure we were protected against additional uncertainties.
For the Z+jets and tt¯ background processes, we chose to take conservative uncertainties
that were derived from analyses in boosted phase space. For Z+jets, we take an uncertainty
of 30% based on a analysis studying the pT distribution of a Z + jets sample [74]. For tt, we
take an uncertainty of 15% based a search for new physics by studying a boosted tt final
state [92].
6.4 Luminosity Uncertainties
Finally, an additional uncertainty of 4.4% is included due to the measurement of the in-
tegrated luminosity [93]. This uncertainty affects the background as well as the expected
signal yield.
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Source Sig Input 3e 2e1µ 2µ1e 3µ Bkg Input 3e 2e1µ 2µ1e 3µ
Lepton Uncertainties
Electron pT 2%
1.5% 1.5% 0.4% -
2%
4.5% 4.7% 1.5% -
2.0% 1.7% 0.7% - 8.4% 8.3% 2.4% -
0.8% 0.6% 0.6% - 12.2% 8.5% 6.3% -
Muon pT resolution
0.2% - 0.7% 1.5% 1.3% 0.2% - 0.3% 0.5% 0.2%
5% - 1.1% 1.4% 1.3% 5% - 0.3% 0.7% 0.7%
5% - 0.5% 0.8% 1.2% 5% - 1.5% 4.4% 5.2%
Muon pT scale 0.6%
- 0.7% 1.5% 1.3%
0.6%
- 0.9% 2.5% 2.3%
- 1.1% 1.4% 1.3% - 6.7% 15.4% 20%
- 0.5% 0.8% 1.2% - 11.0% 13.4% 22%
6ET varied
0.8% 1.1% 0.8% 0.6%
varied
2.0% 1.5% 1.1% 1.4%
0.3% 0.3% 0.5% 0.2% 1.8% 3.2% 2.5% 1.6%
0.1% 1.3% 3.1% 1.4% 4.2% 11.3% 17.4% 23.0%
Pile-Up 6%
0.7% 0.8% 0.2% 0.6%
6%
0.5% 0.7% 0.6% 0.4%
0.4% 0.4% 0.5% 0.1% 1.1% 2.0% 0.8% 0.7%
0.3% 0.2% 0.3% 0.4% 3.0% 4.9% 3.0% 6.9%
Simulation Uncertainties
Electron Trigger Eff 2% 2% 2% - - 2% 2% 2% - -
Electron Reco Eff 2% 6% 4% 2% - 2% 6% 4% 2% -
Electron ID and Iso Eff 1% 3% 2% 1% - 1% 3% 2% 1% -
Muon Trigger Eff 5% - - 5% 5% 5% - - 5% 5%
Muon Reco Eff 2% - 2% 4% 6% 2% - 2% 4% 6%
Muon ID and Iso Eff 3% - 3% 6% 9% 3% - 3% 6% 9%
Background Yield Uncertainties
WZ Scale
6% 6% 6% 6%
15% 15% 15% 15%
15% 15% 15% 15%
WZ Madgraph Modeling
5% 5% 5% 5%
5% 5% 5% 5%
30% 30% 30% 30%
WZ PDF
5% 5% 5% 5%
10% 10% 10% 10%
10% 10% 10% 10%
ZZ 30% 30% 30% 30%
Z + γ 50% 50% 50% 50%
Z + jets 30% 30% 30% 30%
tt 15% 15% 15% 15%
Luminosity Uncertainties
Luminosity 4.4% 4.4% 4.4% 4.4% 4.4% 4.4% 4.4% 4.4% 4.4% 4.4%
Table 6.1: Summary of systematic uncertainties broken down by channel for signal and
background processes.
Chapter 7
Results
7.1 Final Yields
The selection described in the previous chapter selectively removes the expected SM back-
ground and preserves signal efficiency. This selection includes the the bin-dependent re-
quirements that are used to enhance a potential signal. The bin-dependent selection, LT
and MWZ window requirements, are listed along with the expected background yields, signal
efficiency and observed data yield in Table 7.1. The background yield is broken down for
each bin in Table 7.2. Additionally, the background yield by source in each channel can be
visualized in Fig. 7.1. These make clear that the SM WZ is by far the leading background,
more so in the high mass tail.
7.2 Exclusion Limits
These results do not contain a significant excess of data above the background estimation.
Therefore, we calculate exclusion limits on the production cross section σ(pp→W ′/ρTC →
WZ) × BR(WZ → 3`ν) by comparing the numbers of observed events with the numbers
of expected signal and background events.
First, expected background, signal efficiency and the number of observed events are de-
termined, along with their associated errors. To that end, we use the background estimates
from simulation listed in Table 7.2 and the systematic uncertainties described in Table 6.1.
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To account for the errors, approximately 1000 trials are performed by randomly selected a
value from the background and signal efficiency distributions. These inputs, along with the
the number of observed events are used to calculate p-values using Bayesian statistics. The
p-value for the background yield plus signal yield to fluctuate to the number of observed
events is determined for a range of signal cross sections. The signal cross section that yields
a p value of 0.05 (for 95% C.L.) is the excluded cross section for that mass point. This
procedure is repeated for each of the mass points separately. These exclusion cross sections
are then compared to the cross sections predicted by a range of models. Masses where
the theoretical cross section is larger than the excluded cross section are excluded for that
particular model.
In order to calculate the expected limit (i.e. the limit expected if no new physics exists)
approximately 1000 pseudo-experiments are preformed. For each pseudo-experiment, the
number of “observed” events is replaced by an integer drawn from a Poisson distribution of
the number of background events with the same mean. The expected limit is taken as the
median limit from all the pseudo-experiments and the 1 and 2 σ bands are computed using
the 68 and 95% limits.
The exclusion limits are calculated at the 95% C.L. by employing the “Higgs Physics
Analysis Group Limit Package” [94] implemented in RooStats [95], using Bayesian statistics
and a flat prior for the signal production cross section. The flat prior refers to the assumption
that the new physics could occur at any mass with equal likelihood. The expected and
observed limits are listed for each bin in Table 7.1. These results are more useful when they
are interpreted in the context of various models. As previously discussed, we interpret our
results in the SSM and LSTC.
The limits based on the combination of the four channels is shown in Fig. 7.2 with
the cross section curves for a SSM W
′
and our default LSTC parameters. We exclude W
′
bosons with masses between 170 and 1450 GeV in the Sequential Standard Model. In the
chosen LSTC parameter space (M(piTC) =
3
4M(ρTC) − 25 GeV), we exclude ρTC’s with
masses between 170 and 1125. More generally, we provide limits on the mass of the piTC
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Mass point LT Window N
MC
Bkg NData NSig εSig σ
Exp.
Limit σ
Obs.
Limit
W
′
170 110 163-177 9.1 ± 0.3 8 18 ± 1 1.33 ± 0.09 0.035 0.033
W
′
180 115 172-188 38 ± 2 49 141 ± 7 1.97 ± 0.09 0.053 0.086
W
′
190 120 181-199 62 ± 1 76 373 ± 14 2.6 ± 0.1 0.056 0.085
W
′
200 125 190-210 81 ± 4 86 613 ± 20 3.2 ± 0.1 0.052 0.069
W
′
210 130 199-221 86 ± 3 101 790 ± 24 3.9 ± 0.1 0.051 0.060
W
′
220 135 208-232 92 ± 4 84 901 ± 24 4.5 ± 0.1 0.044 0.039
W
′
230 140 217-243 93 ± 4 80 982 ± 25 5.2 ± 0.1 0.038 0.035
W
′
240 145 226-254 91 ± 4 84 1016 ± 24 5.8 ± 0.1 0.033 0.032
W
′
250 150 235-265 82 ± 1 85 1026 ± 23 6.4 ± 0.1 0.028 0.029
W
′
275 162 258-292 74 ± 3 85 975 ± 20 8.0 ± 0.2 0.022 0.028
W
′
300 175 280-320 60.8 ± 0.9 74 863 ± 16 9.6 ± 0.2 0.016 0.023
W
′
325 188 302-348 56 ± 3 53 797 ± 13 11.8 ± 0.2 0.012 0.010
W
′
350 200 325-375 49 ± 3 37 703 ± 11 13.9 ± 0.2 0.0095 0.0053
W
′
400 225 370-430 32.2 ± 1.0 40 545 ± 7 18.1 ± 0.2 0.0056 0.0077
W
′
450 250 415-485 23.2 ± 0.8 26 401 ± 5 21.5 ± 0.2 0.0037 0.0048
W
′
500 275 460-540 16.7 ± 0.5 13 299 ± 3 24.8 ± 0.3 0.0028 0.0020
W
′
550 300 505-595 13.3 ± 0.6 14 221 ± 2 27.6 ± 0.3 0.0022 0.0024
W
′
600 325 550-650 10.1 ± 0.5 10 168 ± 2 30.4 ± 0.3 0.0017 0.0017
W
′
700 375 640-760 4.8 ± 0.2 4 97.4 ± 0.8 34.3 ± 0.3 0.0011 0.00095
W
′
800 425 730-870 2.8 ± 0.2 5 56.8 ± 0.5 36.5 ± 0.3 0.00084 0.0013
W
′
900 475 820-980 2.1 ± 0.2 4 35.2 ± 0.3 38.6 ± 0.3 0.00070 0.0011
W
′
1000 500 910-1090 1.4 ± 0.1 0 23.8 ± 0.2 43.3 ± 0.3 0.00054 0.00039
W
′
1100 500 1000-1200 0.8 ± 0.1 0 15.9 ± 0.1 46.8 ± 0.3 0.00049 0.00036
W
′
1200 500 1080-1320 0.58 ± 0.08 1 10.83 ± 0.07 49.1 ± 0.3 0.00035 0.00048
W
′
1300 500 1108-1492 0.56 ± 0.08 1 8.25 ± 0.04 56.1 ± 0.3 0.00031 0.00043
W
′
1400 500 1135-1665 0.60 ± 0.08 1 5.67 ± 0.03 57.3 ± 0.3 0.00030 0.00042
W
′
1500 500 1162-1838 0.57 ± 0.08 1 3.78 ± 0.02 57.5 ± 0.3 0.00030 0.00041
W
′
1600 500 1190-2010 0.56 ± 0.08 1 2.58 ± 0.01 57.7 ± 0.3 0.00030 0.00041
W
′
1700 500 1218-2182 0.51 ± 0.08 1 1.791 ± 0.009 57.6 ± 0.3 0.00030 0.00042
W
′
1800 500 1245-2355 0.44 ± 0.07 1 1.262 ± 0.007 58.0 ± 0.3 0.00029 0.00042
W
′
1900 500 1272-2528 0.39 ± 0.07 0 0.848 ± 0.005 55.0 ± 0.3 0.00031 0.00031
W
′
2000 500 1300-2700 0.36 ± 0.07 0 0.598 ± 0.003 54.7 ± 0.3 0.00031 0.00030
Table 7.1: Search windows for each W
′
mass point giving the number of expected back-
ground events from Monte Carlo, number of events observed, number of expected sig-
nal events from MC, signal efficiency, and the expected and observed exclusion limits on
σ×BR(W ′ → 3`ν) at 95% C.L. for the combined channels. Errors indicated are statistical
only.
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Mass point WZ ZZ Z + γ Z + jets tt SumMC
W
′
170 7.6 ± 0.3 1.04 ± 0.05 0 ± 0 0 ± 0 0.5 ± 0.1 9.1 ± 0.3
W
′
180 31.6 ± 0.6 3.91 ± 0.09 0.9 ± 0.8 1 ± 1 0.8 ± 0.2 38 ± 2
W
′
190 52.2 ± 0.8 6.0 ± 0.1 1.7 ± 0.8 0 ± 0 2.0 ± 0.3 62 ± 1
W
′
200 64.3 ± 0.9 7.1 ± 0.1 4 ± 1 4 ± 4 2.6 ± 0.3 81 ± 4
W
′
210 70.5 ± 0.9 7.4 ± 0.1 3 ± 1 2 ± 2 2.9 ± 0.4 86 ± 3
W
′
220 74.6 ± 1.0 7.3 ± 0.1 2.1 ± 1.0 5 ± 3 3.1 ± 0.4 92 ± 4
W
′
230 74.8 ± 1.0 7.0 ± 0.1 1.0 ± 0.6 7 ± 4 3.2 ± 0.4 93 ± 4
W
′
240 73.9 ± 1.0 6.6 ± 0.1 0.3 ± 0.3 7 ± 4 3.4 ± 0.4 91 ± 4
W
′
250 71.7 ± 0.9 6.1 ± 0.1 0.4 ± 0.4 0 ± 0 4.0 ± 0.4 82 ± 1
W
′
275 61.7 ± 0.9 5.1 ± 0.1 0.6 ± 0.5 3 ± 3 3.6 ± 0.4 74 ± 3
W
′
300 53.2 ± 0.8 4.3 ± 0.1 0 ± 0 0.07 ± 0.07 3.3 ± 0.4 60.8 ± 0.9
W
′
325 47.4 ± 0.8 3.63 ± 0.10 0.08 ± 0.08 3 ± 3 2.5 ± 0.3 56 ± 3
W
′
350 40.1 ± 0.7 2.86 ± 0.09 0.08 ± 0.08 4 ± 3 1.5 ± 0.3 49 ± 3
W
′
400 28.0 ± 0.6 2.11 ± 0.08 0.001 ± 0.001 0.8 ± 0.8 1.3 ± 0.2 32.2 ± 1.0
W
′
450 19.9 ± 0.5 1.49 ± 0.07 0.9 ± 0.6 0 ± 0 1.0 ± 0.2 23.2 ± 0.8
W
′
500 15.4 ± 0.4 0.99 ± 0.05 0 ± 0 0 ± 0 0.3 ± 0.1 16.7 ± 0.5
W
′
550 12.0 ± 0.4 0.68 ± 0.04 0.4 ± 0.4 0 ± 0 0.14 ± 0.08 13.3 ± 0.6
W
′
600 9.1 ± 0.3 0.49 ± 0.04 0.4 ± 0.4 0 ± 0 0.05 ± 0.05 10.1 ± 0.5
W
′
700 4.4 ± 0.2 0.34 ± 0.03 0 ± 0 0 ± 0 0.003 ± 0.003 4.8 ± 0.2
W
′
800 2.6 ± 0.2 0.19 ± 0.03 0 ± 0 0 ± 0 0 ± 0 2.8 ± 0.2
W
′
900 1.9 ± 0.2 0.15 ± 0.02 0 ± 0 0 ± 0 0.05 ± 0.05 2.1 ± 0.2
W
′
1000 1.3 ± 0.1 0.09 ± 0.02 0 ± 0 0 ± 0 0.05 ± 0.05 1.4 ± 0.1
W
′
1100 0.8 ± 0.1 0.05 ± 0.01 0 ± 0 0 ± 0 0 ± 0 0.8 ± 0.1
W
′
1200 0.54 ± 0.08 0.04 ± 0.01 0 ± 0 0 ± 0 0 ± 0 0.58 ± 0.08
W
′
1300 0.51 ± 0.08 0.05 ± 0.01 0 ± 0 0 ± 0 0 ± 0 0.56 ± 0.08
W
′
1400 0.57 ± 0.08 0.04 ± 0.01 0 ± 0 0 ± 0 0 ± 0 0.60 ± 0.08
W
′
1500 0.53 ± 0.08 0.04 ± 0.01 0 ± 0 0 ± 0 0 ± 0 0.57 ± 0.08
W
′
1600 0.52 ± 0.08 0.039 ± 0.010 0 ± 0 0 ± 0 0 ± 0 0.56 ± 0.08
W
′
1700 0.47 ± 0.08 0.037 ± 0.010 0 ± 0 0 ± 0 0 ± 0 0.51 ± 0.08
W
′
1800 0.42 ± 0.07 0.029 ± 0.008 0 ± 0 0 ± 0 0 ± 0 0.44 ± 0.07
W
′
1900 0.36 ± 0.07 0.028 ± 0.008 0 ± 0 0 ± 0 0 ± 0 0.39 ± 0.07
W
′
2000 0.34 ± 0.07 0.026 ± 0.008 0 ± 0 0 ± 0 0 ± 0 0.36 ± 0.07
Table 7.2: Search windows for each W
′
mass point giving the number of expected back-
ground events from Monte Carlo, number of events observed, number of expected sig-
nal events from MC, signal efficiency, and the expected and observed exclusion limits on
σ×BR(W ′ → 3`ν) at 95% C.L. for the combined channels. Errors indicated are statistical
only.
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Figure 7.1: Number of observed events, expected background yields and signal yields after
all selection requirements for each of the four channels versus W
′
mass.
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as a function of the ρTC in Fig. 7.3. This allows for limits to be set using any relationship
between M(ρTC) and M(piTC).
 (GeV)
TC
ρW', M
500 1000 1500 2000
 
BR
 (p
b)
⋅
 
σ
-510
-410
-310
-210
-110
1
 
BR
 (p
b)
⋅
 
σ
CMS Preliminary 2012
 = 8 TeVs
-1L dt = 19.6 fb∫
Obs. 95% C.L.
Exp. 95% C.L.
σ 1±Exp. 
σ 2±Exp. 
W'σ
3
1)=χTC sin(σ
Figure 7.2: 95% C.L. W
′
and ρTC mass expected and observed exclusion limits with 1 and
2 σ bands.
The W
′
production cross section, as well as the branching fraction of W
′ → WZ, are
affected by the strength of the coupling between W
′
and WZ that we refer to as W
′
WZ.
This value is model dependent and, as discussed, not likely to match the SSM. If the value
of the coupling is stronger than that predicted by the SSM, the observed and expected
limits are more stringent. This is illustrated in Fig. 7.4, where a 95% C.L. lower limit on
the W
′
WZ coupling is given as a function of the mass of the W
′
resonance.
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Chapter 8
Future Work
8.1 Vector Boson Fusion
One production method that, although proposed [39, 96], but not searched for directly is
vector boson fusion. This method, shown in Fig. 8.1, has two properties that distinguish it
from the usual quark-antiquark production mode. The first is the presence of two forward
jets that can indicate this production mode. These forward jets can be tagged to select
these events preferentially over quark-antiquark events. Second, this production mode has
a lower cross section than the direct quark-antiquark mode. This would weaken our mass
exclusion results but make us more sensitive to, e.g., a fermiaphobic W
′
. This production
mode is not present in our default signal process generator, Pythia, and so a generator
change is required. Madgraph or Powheg are capable of generating this production mode
and, as discussed previously, we want to switch to Powheg for improved kinematic and
theoretical accuracy in the next iteration of this analysis.
Figure 8.1: Feynman diagram showing W
′
produced via vector boson fusion.
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8.2 Future Limits
The upper limit that can be set in this search is driven by the mass range where the number
of background events is negligible. The limit for a cut and count search is independent of
the number of events observed if the background expected yield is zero [97, 98] . In light
of this, we can anticipate the limit at a number of future energies and dataset sizes. We
examined center of mass energies from 7 TeV up to 14 TeV (the design energy of the LHC)
and dataset sizes up to 1000 fb−1. This allows us to predict with good accuracy (by testing
the prescription on the 7 TeV and 8 TeV datasets already recorded) what our future limits
will be if no excess is observed. The predictions agree well with the results of our searches
at 7 and 8 TeV The results are plotted in Fig. 8.2 and summarized in Table 8.1.
M(W') (GeV)
500 1000 1500 2000 2500 3000 3500 4000
)
-
1
A
nt
ic
ip
at
ed
 L
im
it 
(p
b
-610
-510
-410
-310
-210
-110
1
-210
-110
1
10
210
310
410
W' 14 TeV
W' 13 TeV
W' 12 TeV
W' 11 TeV
W' 10 TeV
W' 9 TeV
W' 8 TeV
W' 7 TeV
)
-
1
L 
dt
 
(fb
∫
 ε
Figure 8.2: Expected limit versus W
′
mass for multiple center of mass energies assuming
same efficiency as the 2012 analysis.
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 · ∫ L dt 7 TeV 8 TeV 9 TeV 10 TeV 11 TeV 12 TeV 13 TeV 14 TeV
1 fb−1 0.9 1.0 1.0 1.1 1.2 1.2 1.3 1.3
10 fb−1 1.4 1.5 1.7 1.8 1.9 2.0 2.1 2.1
100 fb−1 2.0 2.2 2.4 2.6 2.8 2.9 3.1 3.2
1000 fb−1 2.8 3.1 3.4 3.6 3.9 > 4.0 > 4.0 > 4.0
Table 8.1: Expected limit on W
′
mass in TeV at various dataset sizes for multiple center
of mass energies assuming same efficiency as the 2012 analysis.
8.3 Improved Muon pT Resolution
We know muon pT resolution decreases significantly above ∼100 GeV. This, as discussed
earlier, is due to the straightening of the muon’s path in the tracker and difficultly in
measuring its curvature. The measurement can be improved by extending the lever arm
with the muon system, but high energy muons are more likely to shower in the muon system
creating complex hit patterns that hinder reconstruction.
We used an alternate approach to improve the muon pT resolution at high momentum.
We relied on the variables that are well-measured for high pT muons and relaxed our re-
liance on less well-measured quantities. The straight track of a high pT muon increases pT
measurement error since the track points in a clear direction. We can use the direction of
the track to tell us the η and φ of the muon with small error. We also know the intrinsic
width of the W and Z bosons are very small so we can assume the boson mass is close to
its nominal value. If we assume this and the angular direction information for each muon
is correct, we can relax our assumptions about the pT. The mass of the boson in terms of
the lepton pT and direction is listed in Eq. 8.1 and we see that the mass is dependent only
on the product of the pT of the two muons if the angular terms don’t change.
MZ =
√
2paT p
b
T (cosh ∆η − cos ∆φ) (8.1)
We can vary the pT of the muons within their error and the constraints of the boson mass.
Adjusting the muon pT as described gives the results in Fig. 8.3 and the best algorithm
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shows an improvement of ∼40% at a pT of 1 TeV. We also show the improvement to the
W
′
mass resolution in Fig. 8.4. The gain is approximately 10% at M(W
′
) ∼ 2 TeV. These
figures show 5 new algorithms for determine the new muon pT.
• R ≡
(
MpdgZ
MrecoZ
)2
=
(
kaT k
b
T
paT p
b
T
)
• Try: Weight by pT... kaT = paTR
(
paT
pa
T
+pb
T
)
• Bil: Weight by pT error ... kaT = paTR
(
σa
σa+σb
)
• Fil: ... Minimize
(
kaT−paT
σa
)
+
(
kBT −pbT
σb
)
• Cat: ... Minimize
(
kaT−paT
σa
)2
+
(
kBT −pbT
σb
)2
• Hal: ... Maximize e−
(
kaT−p
a
T
σa
)2
e
−
(
kbT−p
b
T
σb
)2
e
−
(
M
pdg
Z
−MrecoZ
σZ
)2
• Old: Current muon pT algorithm
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Figure 8.3: Muon pT resolution for a variety of reconstruction algorithms as a function of
generator pT.
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Chapter 9
Conclusions
We have performed a search for exotic new particles decaying via WZ pairs to a leptonic final
state. We used data collected at the CMS experiment at the LHC during 2011 and 2012.
Our analysis has excluded SSM W
′
masses between 170 and 1450 GeV. In the our default
LSTC parameter space (M(piTC) =
3
4M(ρTC) − 25 GeV), we exclude ρTC’s with masses
between 170 and 1125. More generally, we provided these limits for arbitrary relationship
between M(piTC) and M(ρTC). We also reinterpret the limits in terms of a general W
′
WZ
coupling to reduce our model dependence. These are the world’s strictest limits in this
channel.
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Appendix A
Neutrino pz
A.1 Neutrino pz: Two Solutions
Define:
W ≡ pW4 (A.1)
l ≡ pl4 (A.2)
ν ≡ pν4 (A.3)
W = l + ν (A.4)
m2W
2
= lEνE −~l · ~ν (A.5)
(
m2W
2
+~l · ~ν)2 = l2Eν2E (A.6)
(
m2W
2
+~l · ~ν)2 = l2E(ν2T + ν2z ) (A.7)
(
m2W
2
+ ~lT · ~νT + lzνz)2 = l2E(ν2T + ν2z ) (A.8)
(
m2W
2
+ ~lT · ~νT )2 + 2(m
2
W
2
+ ~lT · ~νT )(lzνz) + (lzνz)2 = l2E(ν2T + ν2z ) (A.9)
ν2z (l
2
E − l2z)− νz2(
m2W
2
+ ~lT · ~νT )(lz) + (lEνT )2 − (m
2
W
2
+ ~lT · ~νT )2 = 0 (A.10)
ν2z (l
2
T )− νz2(
m2W
2
+ ~lT · ~νT )(lz) + (lEνT )2 − (m
2
W
2
+ ~lT · ~νT )2 = 0 (A.11)
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Define:
A ≡ m
2
W
2
+ ~lT · ~νT = m
2
W
2
+ lT νT cos(∆φ) (A.12)
B ≡ A
l2T
=
m2W
2l2T
+X cos(∆φ) (A.13)
X ≡ νT
lT
(A.14)
νz =
2Alz ±
√
(2Alz)2 − 4l2T (l2Eν2T −A2)
2l2T
(A.15)
νz =
Alz ±
√
(Alz)2 − l2T (l2Eν2T −A2)
l2T
(A.16)
νz =
Alz ±
√
(AlE)2 − l2T l2Eν2T
l2T
(A.17)
νz =
Alz ± lE
√
A2 − l2T ν2T
l2T
(A.18)
νz = Blz ±
√
B2 −X2lE (A.19)
We are especially interested in cases where the discriminant is negative, i.e. X2 > B2
Note: We can transform this into a more useful experimental quantity using transverse
mass:
mTW =
√
2lT νT (1− cos(∆φ)) (A.20)
νT
lT
cos(∆φ) =
νT
lT
− m
T,2
W
2lT
(A.21)
D ≡ B2 −X2 (A.22)
=
(
m2W
2l2T
+
νT
lT
cos(∆φ)
)2
− ν
2
T
l2T
(A.23)
=
(
m2W
2l2T
+
νT
lT
− m
T,2
W
2lT
)2
− ν
2
T
l2T
(A.24)
=
(
m2W −mT,2W
2l2T
+
νT
lT
)2
− ν
2
T
l2T
(A.25)
115
Squaring
=
(
m2W −mT,2W
2l2T
)2
+
m2W −mT,2W
l2T
νT
lT
+
ν2T
l2T
− ν
2
T
l2T
(A.26)
=
(
m2W −mT,2W
2l2T
)2
+ (m2W −mT,2W )
νT
l3T
(A.27)
Clearly, the first term is always positive, so the discriminant can only be negative when
mW < m
T
W (A.28)
This occurs in practice because we are forced to assume the nominal mass for the W in
order to obtain a solution to the quadratic equation.
A.2 Neutrino pz: Choosing a Solution
The purpose of this section is to prove that the ∆R between the charged lepton and each
neutrino solution is the same.
Neutrino Energy
νE =
√
ν2T + ν
2
z (A.29)
=
√
ν2T + (Blz ±
√
B2 −X2lE)2 (A.30)
=
√
ν2T +B
2l2z + (B
2 −X2)l2E ± 2B
√
B2 −X2lzlE (A.31)
Useful Relationships
g2z + h
2
z = 2[B
2l2z + (B
2 −X2)l2E ] (A.32)
g2z − h2z = 4B
√
B2 −X2lzlE (A.33)
gzhz = B
2l2z − (B2 −X2)l2E (A.34)
= X2l2E −B2l2T (A.35)
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y =
1
2
ln
E + pz
E − pz (A.36)
g ≡ ν1, h ≡ ν2 (A.37)
Prove : yh − yl = yl − yg (A.38)
yg + yh = 2yl (A.39)
ln
(
gE + gz
gE − gz
hE + hz
hE − hz
)
= ln
(
lE + lz
lE − lz
)2
(A.40)
gE + gz
gE − gz
hE + hz
hE − hz =
(
lE + lz
lE − lz
)2
(A.41)
(lE − lz)2(gE + gz)(hE + hz) = (lE + lz)2(gE − gz)(hE − hz) (A.42)
(l2E − 2lElz + l2z)(gEhE + gEhz + gzhE + gzhz) =
(l2E + 2lElz + l
2
z)(gEhE − gEhz − gzhE + gzhz) (A.43)
(l2E + l
2
z)(gEhz + gzhE) = 2lElz(gEhE + gzhz) (A.44)
Squaring...
(l2E + l
2
z)
2(gEhz + gzhE)
2 = (2lElz)
2(gEhE + gzhz)
2 (A.45)
(l4E + 2l
2
El
2
z + l
4
z)(g
2
Eh
2
z + 2gEgzhEhz + g
2
zh
2
E) = (2lElz)
2(g2Eh
2
E + 2gEgzhEhz + g
2
zh
2
z)
(A.46)
(l4E + 2l
2
El
2
z + l
4
z − 4l2El2z)(2gEgzhEhz) =
(2lElz)
2(g2Eh
2
E + g
2
zh
2
z)− (l2E + l2z)2(g2Eh2z + g2zh2E) (A.47)
(l4E − 2l2El2z + l4z)(2gEgzhEhz) = (A.48)
(l2E − l2z)2(2gEgzhEhz) = (A.49)
l4T (2gEgzhEhz) = (A.50)
(A.51)
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Plug in for gE and hE ...
2l4T
(√
ν2T + g
2
z
)
gz
(√
ν2T + h
2
z
)
hz =
(2lElz)
2[(ν2T + g
2
z)(ν
2
T + h
2
z) + g
2
zh
2
z]− (l2E + l2z)2[(ν2T + g2z)h2z + g2z(ν2T + h2z)] (A.52)
2l4T gzhz
√
ν4T + ν
2
T (g
2
z + h
2
z) + g
2
zh
2
z =
(2lElz)
2[ν4T + ν
2
T (g
2
z + h
2
z) + 2g
2
zh
2
z]− (l2E + l2z)2[ν2T (g2z + h2z) + 2g2zh2z] (A.53)
2l4T gzhz
√
ν4T + ν
2
T (g
2
z + h
2
z) + g
2
zh
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Squaring again ...
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Cleaning Up ...
4l8T g
2
zh
2
z[ν
4
T ] = (2ν
2
T lElz)
4 + l8T ν
4
T (g
2
z + h
2
z)
2 − 2(2ν2T lElz)2l4T [ν2T (g2z + h2z) + 2g2zh2z] (A.59)
4l8T g
2
zh
2
zν
4
T = (2ν
2
T lElz)
4 + l8T ν
4
T (g
2
z + h
2
z)
2 − 2(2ν2T lElz)2l4T [ν2T (g2z + h2z) + 2g2zh2z] (A.60)
0 = (2ν2T lElz)
4 + l8T ν
4
T (g
2
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Plug in for gz and hz ...
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Cancel factor of 16ν4T l
2
El
2
z
l4T [ν
2
T (B
2l2z + (B
2 −X2)l2E) + (X2l2E −B2l2T )2] =
ν4T l
2
El
2
z + l
8
TB
2(B2 −X2) (A.68)
l4T [ν
2
T (B
2l2z + (B
2 −X2)l2E) +X4l4E − 2X2l2EB2l2T +B4l4T ] =
ν4T l
2
El
2
z + l
8
TB
2(B2 −X2) (A.69)
(A.70)
Cancel B4 terms
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Separate into powers of B (Note that B is the only source of mW and ∆φ so each power
of B must vanish independently.)
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2
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2
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B2l4T ν
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2
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B2[0] = [0] (A.79)
QED.
Appendix B
Event Displays
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Figure B.1: Event display showing WZ → eνe+e− with MWZ = 743 GeV, LT = 550 GeV,
and 6ET = 159 GeV
122
Figure B.2: Event display showing WZ→ µνµ+µ− with MWZ = 1129 GeV, LT = 410 GeV,
and 6ET = 108 GeV.
Appendix C
Matrix Method Formulas
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